Technical Report

TR-21-06
December 2022 s“B

Post-closure safety for the final repository
for spent nuclear fuel at Forsmark

Data report, PSAR version

SVENSK KARNBRANSLEHANTERING AB

SWEDISH NUCLEAR FUEL
AND WASTE MANAGEMENT CO

Box 3091, SE-169 03 Solna

Phone +46 8 459 84 00
skb.se

SVENSK KARNBRANSLEHANTERING







ISSN 1404-0344
SKB TR-21-06
ID 1896821

December 2022
Updated 2024-04

Post-closure safety for the final repository
for spent nuclear fuel at Forsmark

Data report, PSAR version

Svensk Karnbranslehantering AB

Keywords: KBS-3, Spent fuel repository, Safety assessment, SR-Site.
This report is published on www.skb.se

© 2022 Svensk Karnbranslehantering AB



Updated 2024-04

The original report, dated December 2022, was found to contain editorial errors which have been
corrected in this updated version.



Contents

1.2

1.3
1.4

1.5

2.1
2.2

23

Introduction

Role of this Data report in the PSAR

1.1.1  Assessment methodology in eleven steps

1.1.2  Key reports referenced

Objective and scope of the Data report

1.2.1  Compilation and qualification of essential input data
1.2.2  Identification of essential input data

1.2.3  Relation to specific sites

1.2.4 Intended audience of this report

Participating parties in this Data report

Repository design

1.4.1 The spent fuel and fuel assemblies

1.4.2  The copper canister and cast iron insert

1.4.3  The buffer and backfill

1.4.4  The underground openings

1.4.5 The closure

The Forsmark site

1.5.1  The locations of the Forsmark site, drill sites, and boreholes
1.5.2  The locations of rock domains

1.5.3  The locations of deformation zones and fracture domains

Methodology for identifying and qualifying data

Identifying data via assessment model flowcharts

Identifying data for radionuclide transport modelling

2.2.1 Selected inventory

2.2.2  Input to radionuclide transport modelling

Qualification of input data — instruction to the supplier and customer
2.3.1 Modelling

2.3.2  Experience from SR-Site

2.3.3  Supplier input on use of data in SR-Site and the current assessment
2.3.4 Sources of information and documentation of data qualification
2.3.5 Conditions for which data are supplied

2.3.6  Conceptual uncertainty

2.3.7 Data uncertainty due to precision, bias, and representativity
2.3.8  Spatial and temporal variability of data

2.3.9 Correlations

2.3.10 Result of supplier’s data qualification

2.3.11 Judgements by the assessment team

2.3.12 Data recommended for use

Spent fuel data

Radionuclide inventory

3.1.1 Modelling

3.1.2  Experience from SR-Site

3.1.3  Use of data in the PSAR and SR-Site

3.1.4  Sources of information and documentation of data qualification
3.1.5 Conditions for which data are supplied

3.1.6  Conceptual uncertainty

3.1.7 Data uncertainty due to precision, bias, and representativity
3.1.8  Spatial and temporal variability of data

3.1.9 Correlations

3.1.10 Result of data qualification

3.1.11 Judgements by the assessment team

3.1.12 Data recommended for use in modelling

SKB TR-21-06

11
11
11
12
14
14
15
16
16
16
16
17
17
18
18
19
20
20
23
24

27
27
33
33
34
36
38
38
40
40
43
44
44
46
46
47
50
51

53
53
53
54
55
55
56
56
56
60
60
61
63
64



32

33

34

4.1

Instant release fraction and corrosion release fraction

3.2.1 Modelling

3.2.2  Experience from SR-Site

3.2.3  Use of data in the PSAR and SR-Site

3.2.4  Sources of information and documentation of data qualification

3.2.5 Conditions for which data are supplied

3.2.6  Conceptual uncertainty

3.2.7 Data uncertainty due to precision, bias, and representativity

3.2.8 Spatial and temporal variability of data

3.2.9 Correlations

3.2.10 Result of data qualification

3.2.11 Judgements by the assessment team

3.2.12 Data recommended for use in modelling

Fuel dissolution rate

3.3.1 Modelling

3.3.2  Experience from SR-Site

3.3.3  Use of data in the PSAR and SR-Site

3.3.4  Sources of information and documentation of data qualification

3.3.5 Conditions for which data are supplied

3.3.6  Conceptual uncertainty

3.3.7 Data uncertainty due to precision, bias, and representativity

3.3.8 Spatial and temporal variability of data

3.3.9 Correlations

3.3.10 Result of data qualification

3.3.11 Judgements by the assessment team

3.3.12 Data recommended for use in modelling

Solubility data

34.1 Modelling

3.4.2 Experience from SR-Site

3.4.3 Supplier input on use of data (text reproduced from SR-Site Data
report)

3.4.4 Sources of information and documentation of data qualification

3.4.5 Conditions for which data are supplied (text reproduced from
SR-Site Data report)

3.4.6 Conceptual uncertainty

3.4.7 Data uncertainty due to precision, bias, and representativity

3.4.8 Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

3.4.9 Correlations

3.4.10 Result of supplier’s data qualification

3.4.11 Judgements by the assessment team

3.4.12 Data recommended for use in the assessment

Canister data
Data of the intact canister

4.1.1
4.1.2
4.13
4.14
4.1.5
4.1.6
4.1.7
4.1.8
4.1.9
4.1.10
4.1.11
4.1.12

Modelling

Experience from SR-Site

Use of data in the PSAR

Sources of information and documentation of data qualification
Conditions for which data are supplied

Conceptual uncertainty

Data uncertainty due to precision, bias, and representativity
Spatial and temporal variability of data

Correlations

Result of data qualification

Judgements by the assessment team

Data recommended for use in assessment modelling

66
66
68
69
69
71
71
72
77
77
77
80
80
81
81
82
&3
&3
84
&5
&5
86
86
86
87
87
87
88
88

&9
90

93
93
96

99
100
101
107
108

109
109
109
110
111
111
112
112
113
114
114
114
118
119

SKB TR-21-06



4.2 Evolving canister defect

4.2.1
422
423
424
4.2.5

4.2.6
4.2.7

4.2.8

429
4.2.10

4.2.11
4.2.12

Modelling

Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)

Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)
Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Data recommended for use in assessment

5 Buffer and backfill data
5.1  Density and porosity of buffer and backfill

5.1.1
5.1.2
5.1.3
5.14
5.1.5
5.1.6
5.1.7
5.1.8
5.1.9
5.1.10
5.1.11
5.1.12

Modelling

Experience from SR-Site

Supplier input on the use of data

Sources of information and documentation of data qualification
Conditions for which data are supplied

Conceptual uncertainty

Data uncertainty due to precision, bias, and representativity
Spatial and temporal variability of data

Correlations

Result of supplier’s data qualification

Judgement by the assessment team

Data recommended for use in assessment

5.2 Hydraulic properties of buffer and backfill

5.2.1
522
523
524
5.2.5
5.2.6
5.2.7
5.2.8
529
5.2.10

5.2.11
5.2.12

Modelling

Experience from SR-Site

Supplier input on the use of data

Sources of information and documentation of data qualification
Conditions for which data are supplied

Conceptual uncertainty

Data uncertainty due to precision, bias, and representativity
Spatial and temporal variability of data

Correlations

Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Data recommended for use in assessment

5.3 Migration data of buffer and backfill

5.3.1
532
533
534
5.3.5
5.3.6
5.3.7

53.8

SKB TR-21-06

Modelling

Experience from SR-Site

Supplier input on the use of data

Sources of information and documentation of data qualification
Conditions for which data are supplied

Conceptual uncertainty

Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

119
120
122

122

122

124
125

125

126
126

126
127
127

129
129
131
132
133
133
134
134
134
136
136
136
137
137
138
138
139
140
140
141
141
141
143
143

143
144
144
144
144
145
146
147
149
153

154

164



6.2

6.3

5.3.9
5.3.10

5.3.11
5.3.12

Correlations (text reproduced from SR-Site Data report)

Result of supplier’s data qualification (text reproduced from SR-Site
Data report)

Judgement by the assessment team

Data recommended for use in assessment

Geosphere data
Groundwater chemical composition

6.1.1
6.1.2
6.1.3
6.1.4
6.1.5

6.1.6
6.1.7

6.1.8

6.1.9
6.1.10

6.1.11
6.1.12

Modelling

Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)

Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Data recommended for use in assessment

Bedrock thermal properties

6.2.1
6.2.2
6.2.3
6.2.4
6.2.5

6.2.6
6.2.7

6.2.8

6.2.9
6.2.10

6.2.11
6.2.12

Modelling in SR-Site (text reproduced from SR-Site Data report)
Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity

(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)

Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Data recommended for use in assessment

Discrete-Fracture Network (DFN) models

6.3.1
6.3.2
6.3.3
634
6.3.5

6.3.6
6.3.7

6.3.8

Modelling (text reproduced from SR-Site Data report)
Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

164

165
169
169

171
171
171
173

174

175

176
180

181

185
188

188
195
195
196
196
198

199

199

202
202

203

207
207

208
217
217
217
218
222
222
224

227
228

230

232

SKB TR-21-06



6.3.9
6.3.10

6.3.11
6.3.12

Correlations (text reproduced from SR-Site Data report)
Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Models recommended for use in assessment modelling

6.4  Rock mechanics

6.4.1
6.4.2
6.4.3
6.4.4
6.4.5

6.4.6
6.4.7

6.4.8

6.4.9
6.4.10

6.4.11
6.4.12

Modelling (text reproduced from SR-Site Data report)
Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)

Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Data recommended for use in assessment

6.5  Spalling and the excavation damaged zone

6.5.1
6.5.2
6.5.3
6.54
6.5.5

6.5.6
6.5.7

6.5.8

6.5.9
6.5.10

6.5.11
6.5.12

Modelling (text reproduced from SR-Site Data report)
Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)

Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Data recommended for use in assessment

6.6  Quantities for groundwater flow modelling

6.6.1
6.6.2
6.6.3
6.6.4
6.6.5

6.6.6
6.6.7

6.6.8

6.6.9

SKB TR-21-06

Modelling (text reproduced from SR-Site Data report)
Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)

233

233
234
238
240
240
241

243

245

248
248

256

264
272

274
281
282
284
285
286

287

287

290
290

291

294
295

295
301
301
302
302
304

305

305

308
311

312

315
317



6.7

6.8

6.6.10 Result of supplier’s data qualification (text reproduced from SR-Site

6.6.11
6.6.12

Data report)
Judgement by the assessment team
Data recommended for use in assessment

Flow-related migration properties

6.7.1
6.7.2
6.7.3
6.7.4
6.7.5

6.7.6
6.7.7

6.7.8

6.7.9
6.7.10

6.7.11
6.7.12

Modelling (text reproduced from SR-Site Data report)
Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)

Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Data recommended for use in assessment

Non-flow related migration properties

6.8.1
6.8.2
6.8.3
6.8.4
6.8.5

6.8.6
6.8.7

6.8.8

6.8.9
6.8.10

6.8.11
6.8.12

Modelling (text reproduced from SR-Site)

Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)

Result of supplier’s data qualification (text reproduced from
SR-Site Data report)

Judgement by the assessment team

Data recommended for use in assessment

Surface system data
Climate and climate related data

7.1.1
7.1.2
7.1.3
7.14
7.1.5
7.1.6
7.1.7
7.1.8
7.1.9
7.1.10
7.1.11
7.1.12

Modelling

Experience from SR-Site

Supplier input on use of data in PSAR

Sources of information and documentation of data qualification
Conditions for which data are supplied

Conceptual uncertainty

Data uncertainty due to precision, bias, and representativity
Spatial and temporal variability of data

Correlations

Result of supplier’s data qualification

Judgement by the assessment team

Data recommended for use in assessment

319
320
320
321
321
322

323

323

324
324

325

326
328

328
333
334
334
334
335

336

337

340
343

346

356
358

359
367
367

369
369
369
371
371
371
372
372
374
374
374
374
385
386

SKB TR-21-06



7.2 Landscape dose conversion factors

7.2.1
7.2.2
723

7.2.4
7.2.5

7.2.6
7.2.7

7.2.8

7.2.9

7.2.10
7.2.11
7.2.12

References

Appendix A

SKB TR-21-06

Modelling

Experience from SR-Site

Supplier input on the use of data (text reproduced from SR-Site
Data report)

Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Conditions for which data are supplied (text reproduced from
SR-Site Data report)

Conceptual uncertainty (text reproduced from SR-Site Data report)
Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Spatial and temporal variability of data (text reproduced from
SR-Site Data report)

Correlations (text reproduced from SR-Site Data report)

Result of supplier’s data qualification

Judgement by the assessment team

Data recommended for use in assessment

Using results from in situ electrical resistivity loggings in support
of data needed in hydrogeological modelling (reproduced from
SR-Site Data report)

387
388
388

390

390

391
393

393

395
397
397
399
400

401

425






1 Introduction

1.1 Role of this Data report in the PSAR

This report compiles, documents, and qualifies input data identified as essential for the post-closure
safety assessment in SKB’s Preliminary Safety Assessment Report (PSAR) for a final repository for
spent nuclear fuel at the Forsmark site.' The input data concern the repository system, broadly defined
as the deposited spent nuclear fuel, the engineered barriers, the host rock, and the biosphere in the
proximity of the repository. The input data also concern external influences acting on the system, in
terms of climate related data. Data are provided for a selection of relevant conditions and are qualified
through traceable standardised procedures.

The report is an update of the Data report for the safety assessment SR-Site (SKB 2010a). The extent
of the update is described in Section 1.2.1.

1.1.1 Assessment methodology in eleven steps

As described in Section 2.5 of the Post-closure safety report,” the current safety assessment consists
of eleven main steps. We refrain from outlining the steps here, except for the step concerning the Data
report, and instead refer to the detailed description in the Post-closure safety report. Figure 1-1 is a
graphical illustration of the steps, with the present step highlighted.

Spent fuel Refference i . R&D results Resullis @ ezl P
design description assessments databases
1 Processing of features, event and processes (FEPs)
2a Description of site 2b Description of engineered 2c Description of
initial state barrier system (EBS) initial state repository layouts
3 Description of external 4 Compilation of
conditions Process reports

5 Definition of safety functions and
function indicators

7 Definition and analyses of reference evolution

8 Selection of scenarios 9 Analyses of selected scenarios

10 Additional analyses 11 Conclusions

Figure 1-1. The assessment methodology in eleven steps, with the Data report step highlighted.

" The present report is published some time before the submission of the PSAR. In case the need for any changes
of the contents of this report arises between its publication and the submission of the PSAR, a report of these
changes will be provided in the PSAR.

2 Abbreviated names in bold are used for a number of key references, see Table 1-1. The Post-closure safety
report is the top-level document of the assessment.

SKB TR-21-06 11



The following is stated concerning step 6 “Compilation of input data” in Section 2.5 of the Post-
closure safety report:

“In this step, data to be used in the quantification of repository evolution and in dose calculations
are selected using a structured procedure. The process of selection and the data values adopted
are reported in a dedicated Data report. The process follows a template developed and applied in
the SR-Site assessment for discussion of input data uncertainties. The template... and the selected
data are provided in the Data report. The models for which data are required are given in the AMF
described in step 4.

While the data types used in the PSAR are essentially the same as those used in the SR-Site assessment,
data values or value intervals differ between the assessments for some data types. For data types where
new values are used in the PSAR, the full template is reported in the PSAR Data report. For data types

where it has been assessed that the same values as in SR-Site can be used, the data qualification from

the SR-Site is reproduced.”

The structured procedures and the template referred to are described in detail in Section 2.3.

1.1.2 Key reports referenced

Several of the steps carried out in the safety assessment result in specific reports that are of central
importance for the conclusions and analyses in the Post-closure safety report. These specific reports,
referred to as main references. Besides the main references, there are additional references, treating
more narrow issues, supporting the Post-closure safety report and/or one or more of the main refer-
ences. The report hierarchy is illustrated in Figure 1-2.

In addition to the reports mentioned above, references are made to a variety of documents, articles,
and publications, either from SKB or from other organisations, or as part of the open literature. SKB
reports that deserve mentioning are those from previous safety assessments, and those from site
investigations and site descriptions. A report produced outside the safety assessment framework, but
that still is fundamental input to the safety assessment, is the SDM-Site version of the site-descriptive
model of the Forsmark site, see the Site description Forsmark.

Post-closure
safety report

Main references

Seven Fuel and Buffer, backfill Geosphere
FEP report production canister and closure process
reports process report process report report
. Biosphere Model Radionuclide
Climate synthesis summary Data FHA transport
report report report report report report

Additional references
| | [ | |

P e

Figure 1-2. The hierarchy of the main and additional references. The main references support the Post-

closure safety report. The additional references may either support the Post-closure safety report directly
or the main references. The seven production reports include the Spent fuel report and the Underground

openings construction report.

12 SKB TR-21-06



The Post-closure safety report and main references, as well as the site-descriptive model of the
Forsmark site, are referenced by using abbreviations. The abbreviations as well as their full references,

are given in Table 1-1.

Table 1-1. Abbreviations and full references of SKB reports, used in this Data report.

Abbreviation used when referenced

in this Data report

Full reference, as given in the reference list

Backfill production report

Backfill production report, 2022. Produktionsrapport Aterfylining,
SKBdoc id 1525864 ver 4.0, Svensk Karnbranslehantering AB.
(In Swedish.) (Internal document.)

Biosphere synthesis report

Biosphere synthesis report, 2010. Biosphere analyses for the safety
assessment SR-Site — synthesis and summary of results. SKB TR-10-09,
Svensk Karnbranslehantering AB.

Buffer, backfill and closure
process report

Buffer, backfill and closure process report, 2022. Post-closure safety for the
final repository for spent nuclear fuel at Forsmark — Buffer, backfill and closure
process report, PSAR version. SKB TR-21-03, Svensk Karnbranslehantering AB.

Buffer production report

Buffer production report, 2022. Produktionsrapport Buffert, SKBdoc id 1392269
ver 5.0, Svensk Kérnbranslehantering AB. (In Swedish.) (Internal document.)

Canister production report

Canister production report, 2022. Produktionsrapport Kapsel, SKBdoc id 1407944
ver 2.0, Svensk Karnbranslehantering AB. (In Swedish.) (Internal document.)

Climate report

Climate report, 2020. Post-closure safety for the final repository for spent nuclear
fuel at Forsmark — Climate and climate-related issues, PSAR version. SKB TR-20-12,
Svensk Karnbranslehantering AB.

Closure production report

Closure production report, 2022. Produktionsrapport Forslutning,
SKBdoc id 1387771 ver 3.0, Svensk Karnbranslehantering AB.
(In Swedish.) (Internal document.)

Fuel and canister process report

Fuel and canister process report, 2022. Post-closure safety for the final
repository for spent nuclear fuel at Forsmark — Fuel and canister process report,
PSAR version. SKB TR-21-02, Svensk Karnbranslehantering AB.

Geosphere process report

Geosphere process report, 2022. Post-closure safety for the final repository
for spent nuclear fuel at Forsmark — Geosphere process report, PSAR version.
SKB TR-21-04, Svensk Karnbranslehantering AB.

Model Summary Report

Model Summary Report, 2022. Post-closure safety for the final repository
for spent nuclear fuel at Forsmark — Model summary report, PSAR version,
SKB TR-21-05, Svensk Karnbranslehantering AB.

Post-closure safety report

Post-closure safety report, 2022. Post-closure safety for the final repository
for spent nuclear fuel at Forsmark — Main report, PSAR version. SKB TR-21-01,
Svensk Karnbranslehantering AB.

Radionuclide
transport report

Radionuclide transport report, 2022. Post-closure safety for the final repository
for spent nuclear fuel at Forsmark — Radionuclide transport report, PSAR
version. SKB TR-21-07, Svensk Karnbranslehantering AB.

Site description Forsmark

Site description Forsmark, 2008. Site description of Forsmark at the completion
of the site investigation phase, SDM-Site Forsmark. SKB TR-08-05, Svensk
Kérnbranslehantering AB.

Spent fuel report

Spent fuel report, 2021. Anvant karnbransle att hantera i KBS-3-systemet.
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1.2  Objective and scope of the Data report
1.2.1 Compilation and qualification of essential input data

This Data report is based on the SR-Site Data report (SKB 2010a) that was part of the application
to construct, own and operate a nuclear facility for the final disposal of spent nuclear fuel and
nuclear waste.

In the report, essential input data are compiled and qualified. These data are intended for use in
subsequent safety assessment modelling. The compiled data are divided on five different chapters
concerning the:

» Spent fuel (Chapter 3).

* Copper canister (Chapter 4).

» Buffer and backfill (Chapter 5).
* Geosphere (Chapter 6).

* Surface system (Chapter 7).

The set of input parameters for the safety assessment is very large. Some “input data uncertainties”
(including both data uncertainty and natural variability) will have a substantial influence on safety
related output uncertainty, which ultimately leads to uncertainty in assessed radiological risk. Other
data may range over orders of magnitude but still not influence the assessed radiological risk. An
example of the latter are transport properties in the geosphere of those radionuclides that will never
exit the engineered barrier.

It is therefore appropriate to identify input data to which safety related output is sensitive, and use
these insights in allocating resources to the determination and, where feasible, reduction of input
data uncertainties. It is also important to have a high degree of confidence in the data that are used
to conclude that particular processes, nuclides, etc will never contribute to radiological risk. The
identification of essential input data is discussed in the next section, and in Chapter 2.

The data presented in the Data report are either compiled from supporting reports and documents,

as part of previous tasks or as part the safety assessment project or produced and justified in this Data
report. The majority of data are compiled from background reports, such as the Site description
Forsmark, Production reports, or other reports produced as part of the assessment, etc and in those
cases the justification of data is mainly done in the supporting documents. In such a case, the qualifying
role of the Data report is to control that the suggested data are traceable and applicable for prevailing
conditions, and to some extent to suggest their role in the safety assessment. For example, a set of data
suggested in the site descriptions may only be valid for a certain climate domain of the glacial cycle,
or at some other specified condition. Furthermore, estimates of uncertainties as well as of natural vari-
ability should be delivered by the Data report, so that the data can be properly used in the subsequent
safety assessment modelling. It is part of the qualifying role to make sure that reasonable, quantitative,
and usable uncertainty estimates are delivered.

The way of qualifying data is through traceable standardised procedures where extra effort is put
into documenting the data qualification process, and to discuss uncertainty in data originating from
conceptual uncertainty, data uncertainty, and natural variability. These standardised procedures are
detailed in Section 2.3.

The compiled and qualified data are found in Section x.x.12 of each section in Chapter 3 to 7. In this
section, clear referencing to tables in the preceding sections may substitute duplication of the data. Data
that cannot be tabulated in this report, for example the co-ordinates of thousands of exit locations for
groundwater flow paths, are stored in referenced databases.

In the PSAR version of the Data report, only data that has been updated since the SR-Site are qualified.
For data that has not been updated the material from the SR-Site Data report is reproduced, and an
indication of this is given in the heading of a reproduced text. Note that the text may still be slightly
modified in that references to the PSAR report hierarchy rather than to that of SR-Site may occur

as appropriate. Also, experiences from the modelling in SR-Site have been taken into account when
evaluating all data sets, irrespective of whether they are updated or not. Details are as follows:
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» Spent fuel (Chapter 3). This chapter contains sections on radionuclide inventory, instant release
fraction and corrosion release fraction, fuel dissolution and solubility data. Due to new results
regarding inventory calculations the section on radionuclide inventory has been updated. Due
to the new radionuclide inventory the section on Instant release fraction and corrosion release
fraction has been updated to reflect these new results. Due to new information concerning irregular
fuel types the section on fuel dissolution has been updated to include these results. As discussed
in Section 3.4, the Solubility data recommended for use in the PSAR are the same as those recom-
mended for SR-Site and texts on data qualification have been reproduced from the SR-Site Data
report (SKB 2010a).

» Copper canister (Chapter 4). This chapter contains section on data of intact canister and evolving
canister defect. Due to new supporting documents the sections on initial canister thickness and
resistance to mechanical loads has been updated to reflect the new results, though the qualified
data are unaltered. As discussed in each section some sections have been reproduced from the
SR-Site Data report (SKB 2010a). The data recommended for use in the PSAR are the same as
the data recommended for SR-Site.

» Buffer and backfill (Chapter 5). This chapter contains sections on density and porosity of buffer
and backfill, hydraulic properties of buffer and backfill and migration data of buffer and backfill.
Since the Production reports have been updated for the PSAR texts related to the initial state have
been updated. The data recommended for use in the PSAR are the same as the data recommended
for SR-Site.

* Geosphere (Chapter 6). This chapter contains sections on ground water chemical composition,
bedrock thermal properties, Discrete-Fracture Network (DFN) models, rock mechanics, spalling
and the excavation damaged zone, quantities for groundwater flow modelling and non-flow related
migration properties. As discussed in each section, the data recommended for use in the PSAR
are the same as the data recommended for SR-Site and sections on data qualification have been
reproduced from the SR-Site Data report (SKB 2010a).

» Surface system (Chapter 7). This chapter contains a section on Climate and climate related data and
a section on Landscape dose conversion factors. The section on climate and climate related data has
been modified to reflect updates of the Climate report. The section on landscape dose conversion
factors includes updates due to experiences obtained from other safety assessment projects. With
few exceptions, the data recommended for use in the PSAR are the same as the data recommended
for SR-Site.

1.2.2 Identification of essential input data

The identification of essential input data has been performed in two ways. The primary approach is
through analysing assessment model flow charts, AMFs, (see Section 7.5 of the Post-closure safety
report and Section 2.1 of this present report). AMFs are produced based on information from the
other steps of the eleven step methodology (cf Figure 1-1), experience from previous safety assess-
ments, as well as on other recent information. This approach has been generally used for identifying
the input data of this report and is described in Section 2.1. There are limitations in this approach
resulting in a situation where peripheral data that may be of importance for the safety assessment are
not included in the Data report, but are reported elsewhere. Such an example is the biosphere data
constituting the background for estimating Landscape dose conversion factors. In this specific case,
a decision has been taken to limit the scope of the Data report to include the estimated Landscape
dose conversion factors as the only biosphere related data.

One of the purposes of the Data report has been to deliver qualified data for radionuclide transport
calculations. Therefore, all input parameters of the radiuonuclide transport codes COMP23 (Romero
et al. 1999, Cliffe and Kelly 2006, Vahlund and Hermansson 2006) and FARF31 (Norman and
Kjellbert 1990, Elert et al. 2004) have been closely examined. Many of the associated data are quali-
fied in this Data report, while some inputs are taken from other sources, as outlined in Section 2.2
and as detailed in the Radionuclide transport report. The data inventory for the PSAR corresponds
to the SR-Site inventory.
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1.2.3 Relation to specific sites

The PSAR builds on site-specific data for, and site-descriptive models of, the selected Forsmark site,
i.e. the location of the repository facility to which the PSAR applies. Parallel to the site investigation at

Forsmark in the municipality of Ostahammar, also the Laxemar site in the municipality of Oskarshamn

was thoroughly investigated. Knowledge gained for the latter site, and other relevant sites, is sometimes
used in the present report, e.g. to illustrate general conditions in granitic rock in Sweden.

1.2.4 Intended audience of this report

This report is written by, and for, experts in the concerned scientific fields. It should be possible for
generalists in the area of post-closure safety of geologic nuclear waste repositories to comprehend
the content of the report. However, it may be a difficult task for laymen to grasp the details of this
report. This report is an important part of the documentation of safety assessment.

1.3  Participating parties in this Data report

The data recommended are generally based on measurements, modelling, or interpretation. Therefore,
there is always a component of expert judgment involved in choosing the recommended data (as stated
in Section 1.2, trivial data are not handled in this report). The work of producing much of the data, as

well as of compiling the data and writing this report, has been done by experts working at, or on behalf
of, SKB. Therefore, formally the expert should not be considered as independent. The experts could

have their expertise in a narrow subject area, such as thermal properties of the rock, or as generalists in
the safety of spent nuclear fuel (which indeed could also be considered as a narrow field of expertise).

The structure of the Data report separates the views of experts supplying the data (either directly or
through supporting documents) from the views of experts of the assessment team. This works well
when the supplied data are independent from assumptions made in the safety assessment (e.g. the
rock porosity). However, when the supplied data have been produced in close cooperation with the
assessment team, such a separation is difficult to obtain. Examples of the latter data are exit locations
of flow paths during repository evolution, or the groundwater composition during the glacial cycle.

For the current report, the vocabulary used for separating the teams or persons supplying the data,
the groups or persons within the assessment team responsible for the data, and the assessment team
as a whole were:

*  Supplier
e Customer
e Assessment team

This may appear to be an odd choice of vocabulary, which was not used in safety assessments prior
to SR-Site. The terms supplier and customer were adopted from standard quality assurance systems
(e.g. the ISO 9001 standard), and was a response to the authorities overall review comment that the
degree of quality assurance in the SR-Site safety assessment needed to be increased, as compared to
in SR-Can (Dverstorp and Stromberg 2008, e.g. summary).

These roles of the parties involved in producing the Data report as well as the current are further
described in Section 2.3. The individuals involved in authoring each subject area section, and their role
in the supplier team or assessment team, are documented according to SKB’s quality assurance system.
Experts which have participated indirectly in producing the data, by way of authoring supporting
document, are identified by standard referencing.

1.4 Repository design

In the following a very short description of the engineered repository is given for orientation, with
the purpose of outlining the framework for data in individual subject area sections. Details on the
engineered system are found in a multitude of other documents, for example the Post-closure safety
report. The engineered repository can be divided on the fuel, the copper canister, the buffer surround-
ing the canister, the backfill of deposition tunnels and other underground openings, and the closure.
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1.4.1 The spent fuel and fuel assemblies

The fuel and the fuel assemblies are described in the Spent fuel report. The spent fuel is predomi-
nantly UOX fuel (Uranium OXide), but smaller amount of MOX fuel (Mixed OXide) and fuel
residues from research will also be deposited. There will be ca 8 300 tonnes of BWR fuel and about
3100 tonnes of PWR fuel that will need to be deposited. Here BWR and PWR are abbreviations for
Boiling light water reactors and Pressurised light water reactors, respectively. The fuel is deposited as
fuel assemblies with construction materials comprised of zirconium alloys, nickel alloys and stainless
steel. Furthermore, some additional material such as control rods will be deposited together with the
fuel assemblies.

1.4.2 The copper canister and cast iron insert

The copper canister and the cast iron insert are described in the Canister production report. Figure 1-3
(upper left) shows the reference canister, over 4.8 m in length, about one metre in diameter, and 5 cm
in copper thickness.

The reference canister design comprises two different inserts, one for 12 BWR fuel assemblies and one
for 4 PWR fuel assemblies. Figure 1-3 (middle and upper right) shows the differences between the two.
The loaded canister weights between 24.6—26.8 tonnes, where the copper shell weights 7.5 tonnes, the
cast iron insert with lid between 13.7-16.4 tonnes, and the fuel between 2.6-3.5 tonnes, depending on
the type (cf Table 3-1 of the Canister production report).

1050 N 21050 N
- @ 949 N » T 949
o <90 5 135
160, 235 |
1
e } !
IS
§ N .
N HIFA . ‘- /FZ
5 cm copper
Y BWR-type PWR-type

Nodular cast iron

=N

Figure 1-3. Upper left: SKB's reference canister with an outer corrosion barrier of copper and an insert
of nodular cast iron. Upper middle and right: Basic differences between the BWR and PWR cast iron inserts.
Lower: Exploded view of the reference canister and its components (from the left: copper base, copper tube,
insert, steel lid for insert and copper lid). Modified and reproduced from Figures 3-1 to 3-3 of the Canister
production report.
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1.4.3 The buffer and backfill

The buffer surrounding the canister is described in the Buffer production report while the backfill
of the deposition tunnels is described in the Backfill production report. The reference material of the
buffer is bentonite clay, where examples of commercial bentonites given in the Buffer production
report is MX-80. The buffer is manufactured as blocks and pellets that are placed around the canister
with the aim at achieving a specified density. The installed buffer with the reference geometry, as given
in the Buffer production report, is illustrated in Figure 1-4.

The reference material of the backfill of the deposition tunnels is low grade bentonite clay, where Asha
2012 is given as an example in the Backfill production report. The backfill is manufactured as blocks
and pellets that are placed in the deposition tunnel with the aim at achieving a specitfied density.

1.4.4 The underground openings

In the Underground openings construction report, the construction of deposition holes and tunnels,
the ramp and shafts, main and transport tunnels, and central area rock caverns is discussed. Figure 1-5
shows an illustration of the reference layout, where different underground openings are indicated.

Buffer volume
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1

540
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540

General tolerance buffer object £ 1 mm

Figure 1-4. Reference geometry of the installed buffer and the nominal dimensions given as design premises.
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1.4.5 The closure

In the Closure production report, the backfilling of main and transport tunnels, the central area, the
ramp and shafts, and boreholes is outlined. The closure, see Figure 1-5 includes:

1. Main tunnels and transport tunnels.
Central area.

Ramp and shafts below the top sealing.
Top seal.

Plugs (other than deposition tunnel plugs).

S

Investigation boreholes from the ground surface and boreholes from the underground openings
in the repository.

The purpose and function of the closure is to limit groundwater flow and migration of radionuclides
through the tunnels and other openings to significantly obstruct unintentional intrusion into the final
repository, to prevent collapse of the rock structure and also to prevent the expansion of bentonite
into connecting rock spaces. This means that all rock spaces need to be backfilled.

Transport tunnel Central area ) Main tunnel

z=-50m

~

z=-370m

Transport tunnel

mmEh
Main tunnel ’

Deposition tunnel e Ty

Top seal

Upper closure shaft and ramp

Lower closure shaft and ramp, closure of main and transport tunnels
Backfilling of deposition tunnels (not included in closure)

Central area

Plug that holds closure in transport and main tunnels, shafts and ramp in place
Plug located where tunnel, shaft or ramp passes areas with high transmissivity
Plug in deposition tunnels (not included in closure)

Figure 1-5. Outline of the reference designs of closure and plugs in the underground openings.
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1.5 The Forsmark site

This section does not aim to give a short summary of the Forsmark site, but merely to provide maps
and graphic information so that the reader can orientate when site specific nomenclature is used in the
subject area sections. For a detailed description of the surface system of Forsmark, Lindborg (2008)
is recommended.

Site description Forsmark is based on the surface-based investigations that were completed in 2007.
Since then, some sampling and investigations of the surface system as well as monitoring in some
existing boreholes have continued. In addition, investigations in preparation for the construction

of the repository facility have been carried out (Follin 2019). These preparatory investigations were
conducted in the area where the access ramp and shafts of the repository facility are planned to be
located. Data from eleven core-drilled boreholes and from three percussion-drilled boreholes, each
less than 200 m deep, were collected with the focus to evaluate geological and hydrogeological condi-
tions in the shallow bedrock. To gain more information from depth in the access area, investigations
have also been conducted in a core-drilled borehole reaching a depth of 540 m. The evaluation and
modelling of the results from these investigations conducted since the completion of the surface-
based investigations have added more detailed information to the description of the area where the
investigations were conducted, but have not justified an update of the site descriptive model (Follin
2019). Therefore, the analyses of post-closure safety in the PSAR is, likewise to SR-Site, based on
Site description Forsmark.

1.5.1 The locations of the Forsmark site, drill sites, and boreholes

The Forsmark site is located in northern Uppland within the municipality of Osthammar, about 120 km
north of Stockholm (see Figure 1-6). The candidate area for site investigation, approximately 6 km long
and 2 km wide, is located along the shoreline of Oregrundsgrepen, a bay of the Baltic Sea. The candi-

date area is encircled by the red line in Figure 1-6.
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Figure 1-6. Upper left: The location of the Forsmark site. Lower left: The regional model area and the
candidate area. Right: Photo of the Forsmark candidate area. Reproduced from Figures 1-3 and 1-6 of the
Site description Forsmark.
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A key aspect of collecting data in the site investigation has been drilling boreholes and performing
downhole surveys and investigations. Two types of boreholes have been drilled into the bedrock,
core-drilled boreholes extending down to a depth of 1000 m and shorter percussion-drilled boreholes.
Core-drilled boreholes are drilled from specific drill sites, and labelled so that the drill site (DS) can
be easily identified. For example, borehole KFMO01A and KFM12A are drilled from DS1 and DS12,
respectively. Figure 1-7 shows the drill sites and boreholes of the Forsmark candidate area. Core-drilled
boreholes are marked by purple dots and percussion-drilled borehole by blue dots. The yellow tube
corresponding to each dot shows the direction and 2-D extension of the borehole. The yellow dots in
the right figure mark soil pipes. Especially core-drilled boreholes are referenced in tables and figures
providing data in Chapter 6.

As can be seen, the density of boreholes is increased in the north—western part of the candidate area
where the target area has been selected for the repository.
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Figure 1-7. Drill sites and boreholes of Forsmark. Reproduced from Figures 2-1 and 2-2 of the Site descrip-
tion Forsmark.
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1.5.2 The locations of rock domains

In the site-descriptive model, the host rock surrounding the repository has been divided into numerous
volumes, which are often referenced in figures and tables providing data in this Data report. The rock
lithology is described by rock domains, defined on the basis of composition, grain size, homogeneity,
and style and degree of ductile deformation. Figure 1-8 shows the rock domains of the Forsmark
candidate area. The rock domains can be identified by the numbers. Two rock domains of special
importance for the target area are RFM029 and RFM045, marked by the numbers 29 and 45 in the
figure. According to repository layout D2 (SKB 2009a), the repository should be located in these
two domains.
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[ Granitoid, metamorphic = Tonalite and granodiorite, metamorphic

1 Aplitic granite, medium-grained granite and felsic volcanic rock, W Diorite, quartz diorite, gabbro and ultramafic rock, metamorphic
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3 Granite to granodiorite, metamorphic, medium-grained

= Tonalite and granodiorite, metamorphic

B Diorite, quartz diorite, gabbro and ultramafic rock, metamorphic

[ Felsic to intermediate volcanic rock, metamorphic and, in part, albitised
a [ Sedimentary rock, metamorphic, veined to migmatitic b

Figure 1-8. Rock domains included in the two dimensional models at the ground surface. a) Model inside
the regional model area. b) Model inside the local model area (darker colours). The different colours repre-
sent the dominant rock type in each domain. Reproduced from Figure 5-24 in the Site description Forsmark.
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1.5.3 The locations of deformation zones and fracture domains

The rock domains are divided into the mutually exclusive volumes deformation zones and fracture
domains. Deformation zones of the north—western part of the target area are shown in Figure 1-9. The
figure illustrates the two dimensional horizontal surface at =500 m elevation in the local model volume.

Figure 1-10 shows the modelled deformation zones along a WNW-ESE cross-section through the
candidate volume, as well as boreholes.

Six different fracture domains, FFMO01-FFMO6, are defined within the candidate area, whereof
FFMO01-FFMO03 and FFMO06 are found within the target area. Figure 1-11 shows a 3-D model of the
fracture domains of the north—western part of the target area. The figure also shows some of the
deformation zones of the area. Note that in the illustrations, north faces left.

ZFMWNW08358

Figure 1-9. Distribution of the two rock domains RFM029 and RFM045, and all deformation zones with
L > 1000 m, on a surface at 500 m depth within the local model volume (model stage 2.2). Zones marked
in red are steeply dipping or vertical and have a trace length at the surface longer than 3 000 m. Zones
marked in blue-green are steeply dipping or vertical and are less than 3000 m in length. Zones marked in
green are gently dipping. Reproduced from Figure 5-13 in Stephens et al. (2007).
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Figure 1-10. WNW—-ESE cross-section through the candidate volume in the structural model showing rock

domains and deformation zones. Reproduced from Figure 11-13 of the Site description Forsmark.
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Figure 1-11. Three dimensional views of fracture domains in the target area of Forsmark. Images reproduced

from Figures 5-4 and 5-7 of Olofsson et al. (2007).
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2 Methodology for identifying and qualifying data

As mentioned in Section 1.2.2, the identification of essential data to be qualified in this Data report

is primarily performed by using the AMF approach. A parallel approach has been used in the case
of radionuclide transport modelling, where the input data needs of the computational codes COMP23
and FARF31 have been closely examined. These two approaches are outlined in Sections 2.1 and 2.2.
Once a set of data has been identified it is qualified according to a standardised procedure, as detailed
in Section 2.3.

2.1 Identifying data via assessment model flowcharts

Assessment model flowcharts (AMFs) give an overview of models used in the evaluation of repository
evolution and safety, the dependencies/interactions between the models, and data used in the modelling.
Two assessment model flowcharts have been developed. One AMF represents the excavation/operation
and initial temperate period (cf Figure 2-1) and one represents periglacial and glacial conditions (cf
Figure 2-2). The role of AMFs in the safety assessment is further described in the Post-closure safety
report (Section 7.5).

In the AMFs, each blue box represents one or more subject area sections of this Data report, and is
either labelled according to the section title or the concerned data. The section number is given in the
parentheses. The modelling activities and assessments that use the data as inputs are represented by the
yellow rounded rectangles and white rounded rhombuses, respectively. Modelling tasks are presented
in the Model summary report.

The couplings between subject area sections and modelling activities and assessments are summarised
in Table 2-1 to Table 2-5. An example of such a coupling is between the solubility data qualified in
Section 3.1 and the solubility modelling of radioelements inside the canister, using the data as inputs.
This coupling is shown in the lower corner of Figure 2-1 by the arrow from the blue box “Solubility
data (DR 3.4)” to the yellow modelling activity “solubilities (TR-10-50°)". The solubility data are
indirectly propagated to subsequent modelling activities, for example ‘“Radionuclide transport, near
field”. In Table 2-1 to Table 2-5, however, only the direct couplings of the AMFs are given.

There are also couplings between blue boxes in the AMFs. For example, “Inventory for RN transport
(DR 3.1)” feeds into “IRF and CRF (DR 3.2)”. In such a case, data qualified in one section function as
direct inputs to another section. Table 2-1 to Table 2-5, data that feeds more or less directly into other
sections are indicated at a greater level of detail than in the AMFs. In should be noted that neither the
AMFs nor the tables aim to present the complete picture of how data and models are coupled in the
safety assessment.

Data concerning the spent fuel are dealt with in Chapter 3, and are primarily used as inputs when
assessing the source term in near-field radionuclide transport modelling. The couplings between the
data in Chapter 3 and the AMFs are given in Table 2-1. It should be noted that a large quantity of spent
fuel data are also qualified in the Spent fuel report.

A majority of the data concerning the canister is qualified in the Canister production report, wherein
dimensions, geometries, material data, etc are found. As a result there is a limited set of canister data
that needs to be qualified in this Data report, as presented in Chapter 4. The couplings between data in
Chapter 4 and the AMFs are given in Table 2-2.

* The number, in this case TR-10-50, refers to the SKB report where the modeling activity is reported.
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Data concerning the buffer and backfill are provided in Chapter 5 and are primarily inputs to near-field
radionuclide transport modelling, copper corrosion calculations, and hydrogeological modelling. This

is outlined in Table 2-3. Other buffer and backfill data, such as geometries and compositions, are quali-
fied in the Buffer production report and the Backfill production report.

Table 2-1. Couplings between subject area sections of Chapter 3 and items in the assessment
model flowcharts (AMF1 and AMF2) and other Data report sections (DR).

Section numberltitle

Data provided

Primarily supports

3.1 Selected inventory.

Radionuclide inventories of the BWR and PWR type
canisters and average canister, and half-lives and

specific activities.

AMF1: Radionuclide
transport,
near-field.

AMF2: Radionuclide
transport,
near-field.

DR: 3.2

3.2 Instant release fraction and
corrosion release fraction.

Instant release fraction, corrosion release fraction,
fission gas releases, and corrosion time for the BWR

and PWR type canisters and average canister.

AMF1: Radionuclide
transport,
near-field.

AMF2: Radionuclide
transport,
near-field.

3.3 Fuel conversion.

The fuel conversion rate for the UO2 fuel matrix.

AMF1: Radionuclide
transport,
near-field.

AMF2: Radionuclide
transport,
near-field.

3.4 Solubility data.

Solubility limiting phases with associated reactions and
thermodynamic data. For use inside the canister.

AMF1:  Solubilities.
AMF2:  Solubilities.

AMF1 = Figure 2-1, AMF2 = Figure 2-2.

Table 2-2. Couplings between subject area sections of Chapter 4 and items in the assessment
model flowcharts (AMF1 and AMF2) and other Data report sections (DR).

Section number/title

Data provided

Primarily supports

4.1 Data of the intact canister.

Initial minimum copper thickness, canister
void volumes, and canister’s resistance to

mechanical loads.

AMF1:

AMF2:

DR:

Corrosion calculations
and buffer erosion.

FPI calculations.
Canister failure.
Radionuclide transport,
near-field.

Corrosion calculations
and buffer erosion.

FPI calculations.
Canister failure.
Radionuclide transport,
near-field.

4.2

4.2 Evolving canister defect.

Delay time, defect radius, and tlarge for the

different failure modes.

AMF1:

AMF2:

Radionuclide transport,
near-field.

Radionuclide transport,
near-field.

AMF1 = Figure 2-1, AMF2 = Figure 2-2, void volume is input to Radionuclide transport, near-field, not shown in AMFs.
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Table 2-3. Couplings between subject area sections of Chapter 5 and items in the assessment
model flowcharts (AMF1 and AMF2) and other Data report sections (DR).

Section numberi/title Data provided Primarily supports
5.1 Density and porosity of buffer ~ Dry density, saturated density, AMF1: Hydro temperate domain.
and backfill. and physical porosity of the buffer . .
o b POTOSEY AMF2: Hydro, ice location Il.
DR: 3.2,33

5.2 Hydraulic properties of buffer Hydraulic conductivity of the buffer AMF1: Hydro temperate domain.
and backill and backfil. AMF2: Hydro, ice location II.

DR: 4.2,6.6
5.3 Migration data of buffer Sorption partitioning coefficient, AMF1: Radionuclide transport, near-field.
and backfill. effective diffusivity, and diffusion Corrosion calculations and buffer
available porosity of the buffer erosion.

and backfill. AMF2: Radionuclide transport, near-field.

Corrosion calculations and buffer
erosion.

AMF1 = Figure 2-1, AMF2 = Figure 2-2.

In Chapter 6, geosphere data are presented. discussing a variety of subject areas providing geochemical,
thermo-hydro-mechanical, geological, hydrogeological, and solute transport data. The couplings
between the geosphere data of Chapter 6 and the AMFs are given in Table 2-4. What is not shown in the
table is that geosphere data in Appendix A supports hydrogeological modelling as well as Section 6.6.

Chapter 7 concerns surface system data including climate related data and landscape dose conversion

factors. Couplings between surface system data and the AMFs are given in Table 2-5.

Table 2-4. Couplings between subject area sections of Chapter 6 and items in the assessment
model flowcharts (AMF1 and AMF2) and other Data report sections (DR).

Section number/title Data provided Primarily supports
6.1 Groundwater chemical Groundwater chemical composition AMF1: Corrosion calculations and buffer
composition. data for main cations, anions, pH, and erosion. Solubilities.
redox potential over the glacial cycle. Buffer chemistry and migration.

Colloid concentration.

AMF2: Corrosion calculations and buffer
erosion.
Solubilities.
THC behaviour.
Colloid concentration.

DR: 3.2,3.3,5.3,6.6,6.8

6.2 Bedrock thermal Thermal properties of different rock AMF1: Buffer and rock temperature.
properties. volumes, temperature margin, in situ ) .
temperature, internal heat generation, AMF2:  Permafrost modelling.
and geothermal flow. DR: 6.4,6.5, 7.1
6.3 Discrete-Fracture Parameters of the geological AMF1: FPI calculations.
Network (DFN) DFN model for different fracture sets. AMF2:  FPI calculations.
models.
DR: 6.6
6.4 Rock mechanics. Mechanical properties of the rock mass AMF1: Near-field stresses.
and of fractures, as well as in situ Reactivation.
stresses during the glacial cycle and Fracturing.

the stress-transmissivity relation. AMF2:  Near-field stresses.

Reactivation.
Fracturing.
Hydro glacial domain.

DR: 6.5,6.6
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Table 2-4. Continued.

Section number/title

Data provided

Primarily supports

6.5 Spalling and the Potential for spalling, and hydraulicand ~ AMF1: Corrosion calculations and buffer
excavation damaged migration properties of the spalled zone erosion.
zone. and excavation damaged zone. Hydro temperature domain.
Radionuclide transport, near-field.
AMF2: Corrosion calculations and buffer
erosion.
Hydro, ice location .
Radionuclide transport, near-field.
DR: 6.6
6.6 Quantities for ground-  Parameters of the hydrogeological DFN ~ AMF1: Hydro temperate domain.
water flow modelling.  model, ECPM model, and CPM model, Corrosion calculations and buffer
including fracture aperture. erosion.
AMF2: Hydro glacial domain.
Corrosion calculations and buffer
erosion.
DR: 6.1,6.7
6.7 Flow related migration Data from hydrogeological modelling AMF1: Radionuclide transport, near-field.
properties. including Darcy fluxes, equivalent flow Radionuclide transport, far-field.
rates, advective travel times, and flow Corrosion calculations and buffer
related transport resistance. Also disper- erosion.
sion and maximum penetration depth Buffer chemistry and migration.
for matrix diffusion. AMF2: Radionuclide transport, near-field.
Radionuclide transport, far-field.
Corrosion calculations and buffer
erosion.
Oxygen penetration.
DR: 6.1
6.8 Non-flow related Sorption partitioning coefficient, effective AMF1: Radionuclide transport, far-field.
migration properties. diffusivity, diffusion available porosity, . . . )
and connectivity of the rock matrix. AMF2: Radionuclide transport, far-field.
Oxygen penetration.
DR: 6.1,6.6,6.7

AMF1 = Figure 2-1, AMF2 = Figure 2-2, requirements of oxygen penetration modelling not shown in AMFs.

Table 2-5. Couplings between subject area sections of Chapter 7 and items in the assessment
model flowcharts (AMF1 and AMF2) and other Data report sections (DR).

Section numberititle

Data provided

Primarily supports

7.1 Climate and climate Air and ground-surface temperatures, ice AMF1: Hydro temperate domain
related data. thickness and ice surface gradients, shore-level Biosphere landscape
changes, and permafrost and ground-freezing model.
depths over the glacial cycle. AMF2: Hydro glacial domain
Biosphere landscape
model.
DR: 6.1,6.4,6.6,7.2.
7.2 Landscape dose Landscape dose conversion factors, LDF, for AMF1: Dose assessment.
conversion factors. the different periods of the glacial cycle and AMF2: Dose assessment.

LDF pulse for the temperate period.

AMF1 = Figure 2-1, AMF2 = Figure 2-2.
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2.2 Identifying data for radionuclide transport modelling

A special effort has been undertaken in the Radionuclide transport report to identify input data
needed in radionuclide transport modelling. This effort concerns:

1. Identifying the radionuclides that may be of any significance for the safety assessment, and the
needs of data that are radionuclide or radioelement specific.

2. Identifying what input data should be taken from the Data report, and what input data should be
taken from other sources.

2.21 Selected inventory

Some of the data provided in this Data report are radionuclide or radioelement specific. The spent fuel
is comprised of numerous of radionuclides whereof only a fraction is of importance for the assessment
results. In the Radionuclide transport report (Appendix D), the radionuclides that may be of any
significance for the safety assessment have been identified. These radionuclides comprise the selected
inventory, as listed in Table 2-6.

In Table 2-6, the radionuclides are sorted into the three categories “Important”, “Less important”,
and “Needs only inventory and half-lives”, as justified in the Radionuclide transport report
(Appendix D). Based on this categorisation, there are different demands on the delivery from this
Data report. For the important radionuclides, the entire set of nuclide or element specific data are
provided. This full set of data comprises:

* Inventory data and half-lives (Section 3.1).
» Instant release fraction and corrosion release fraction (Section 3.2).
* Solubility data (Section 3.1).

» Diffusion available porosity, effective diffusivity, and sorption partitioning coefficient in the
buffer and backfill (Section 5.3).

 Diffusion available porosity, effective diffusivity, and sorption partitioning coefficient in the
fractured rock (Section 6.8).

» Landscape dose conversion factors (Section 7.2).

For the less important radionuclides, all of the above data have been requested from the supplier, but
in some instances the suppliers have not provided the data. For each such instance the assessment
team have recommended data for use in radionuclide transport modelling, often by means of recom-
mending pessimistic data. A note on each instance is given in the corresponding subject area section.
For the radionuclides for which only the inventory and half-life are required, such data are found in
Section 3.1.

A set of nuclide specific data that is not listed in the above bullet list is LDF pulse (Section 7.2), which
is only provided for radionuclides that may be released as a pulse, together with the prerequisite that
they may be of any significance for the safety assessment.
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Table 2-6. Selected radionuclides for which data are needed in radionuclide transport modelling.
Based on Table D-6 of the Radionuclide transport report.

Important Less important’ Need only inventory and half-lives?

Fission and activation products

C-14 Ag-108m
ClI-36 Cd-113m
Cs-135 Eu-152
Cs-137 H-3
1-129 Nb-93m
Nb-94 Ni-63
Ni-59 Sm-151
Pd-107 Sn-121m
Se-79 Ho-166m
Sn-126 Mo-93
Sr-90

Tc-99

Zr-93

Decay chains

4n
Pu-240 Cm-244
U-236
Th-232
4n+1
Cm-245 Pu-241 U-237
Am-241 Pa-233
Np-237
U-233
Th-229
4n+2
Cm-246 Am-242m Am-242
Pu-242 Pu-238 Cm-242
U-238 Np-238
U-234 Th-234
Th-230 Pa-234m
Ra-226
Pb-210
4n+3
Am-243 Cm-243 Np-239
Pu-239
U-235
Pa-231
Ac-227

"Radionuclides that might be of importance in the hypothetical cases of initial or early defects in the canister.
2Radionuclides with such short half-life that their contribution in safety assessment modelling is through decay products.

2.2.2 Input to radionuclide transport modelling

All input parameters to the radionuclide transport modelling codes COMP23 (Romero et al. 1999,
Cliffe and Kelly 2006, Vahlund and Hermansson 2006) and FARF31 (Norman and Kjellbert 1990,
Elert et al. 2004) are listed in Table 3-2 and Table G-1 of the Radionuclide transport report. Out
of all these parameters, those qualified in the Data report are listed in Table 2-7. In the leftmost
column the parameter name in the computational code is given. In the right part of the table, the
concerned section in the Data report is given together with the symbol used.
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Table 2-7. Input parameters for the probabilistic calculations for the corrosion, shear load, isostatic
load and pinhole scenarios. The first four columns are reproduced from the Radionuclide transport
report (Table 3-2) for selected rows concerning the Data report. NF = near field (COMP23), FF = far

field (FARF31).

Parameter name Parameter Unit NF/FF  Data report section,

in code symbol, and comment

HALFLIFE Half-life. Yr NF/FF 3.1 t,

INVENTORY Radionuclide inventory. mol/can NF 3.1 a

FDMC Fuel dissolution time. Yr NF 3.3 b

IRF Instant release fraction of inventory. - NF 3.2 IRF

CRF Corrosion release fraction of inventory. - NF 3.2 CRF

TCORR Corrosion time. Yr NF 3.2 toor

TDELAY Delay time for onset of radionuclide transport.  Yr NF 4.2 toeray

TLARGE Time for large canister defect. Yr NF 4.2 targe

ADELAY, ALARGE Canister defect sizes. m NF 4.2 Fyefect

CSOL Solubility limits. mol/m?® NF 3.4 c

KDB Buffer sorption partitioning coefficients. m3/kg NF 53 Ky

DEB Buffer effective diffusivities. m?/s NF 5.3 D,

EPSB Buffer porosities (diffusion available porosity). - NF 5.3 3

RHO for material 2 Buffer density (density of the solid particles).  kg/m® NF 5.1 Ds

KDBF Backfill sorption partitioning coefficients. m3/kg NF 53 Ky

DEBF Backfill effective diffusivities. m?/s NF 53 D,

EPSBF Backfill porosity (diffusion available porosity). - NF 5.3 3

RHO for material 3~ Backfill density (density of the solid particles). kg/m? NF 5.1 Ps

QEQ_1 Equivalent flow from deposition hole to m3/yr NF 6.7 Qeq1
fracture(s) intersecting deposition hole.

QEQ_2 Equivalent flow to EDZ. m®/yr NF 6.7 Qeq2

QEQ_3 Equivalent flow to fractures intersecting m3/yr NF 6.7 Qeq3
deposition tunnel.

uUo_1 Darcy flux at deposition hole. m3/m?yr NF 6.7 q

Wzone Width of spalling zone. m NF 6.5 W one

Lzone Length of spalling zone. m NF 6.5 Lone

dzone Thickness of spalling zone. m NF 6.5 Arone

epszone Porosity of spalling zone. - NF 6.5 Ez0ne

Dp Diffusion coefficient in spalling zone m?/s NF 6.5 d
(damaged zone).

Dw Diffusivity in water. m?/s NF 6.8 D,

KDR Rock sorption partitioning coefficients. m3/kg FF 6.8 Ky

DER Rock effective diffusivities. m?/s FF 6.8 D,

EPSR Rock porosities - FF 6.8 e
(diffusion available porosity).
Rock density (solid density). kg/m? FF 6.4 P

F 1,F2F3 Rock transport resistance for paths yr/m FF 6.7 F
beginning at Q1, Q2 and Q3.

TW_1, TW_2, TW_3 Rock advective travel time for paths Yr FF 6.7 t,
beginning at Q1, Q2 and Q3.

PE Rock Peclet number. - FF 6.7 Pe

DPEN Max. penetration depth in rock matrix. m FF 6.7 Lp

LDF Biosphere LDF factors. Svly per Bgly FF 7.2 LDF
Void volume. m® NF 4.1 % e

a. Inventory provided and used as mol/canister, although the unit in Table 3-2 is given as mol.

b. The Data report provides the Fuel dissolution rate (yr™).
c. The Data report provides input data to solubility limit calculations, but not solubility limits.

d. Dp is not provided in the Data report, but can be calculated from D,/t,%, where 1, is the zone tortuosity.
e. Void volume is not included in Table 3-2 but requested in Table G-1 of the Radionuclide transport report.
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2.3 Qualification of input data — instruction to the supplier
and customer

The final objective of the Data report is at performing data qualification including estimates of both
conceptual and data uncertainty, as well as of natural variability, for various subject areas. In addition,
the traceability of the data is examined. The qualified data are intended for use as input data in the
safety assessment modelling.

The Data report does not concern all data used in the safety assessment, but those which are identified
to be of particular significance for assessing repository safety (see Sections 2.1 and 2.2). Data may
concern both measured data from the laboratory and from the field, as well as output from detailed
modelling where measured data are interpreted, depending on the subject area. Even though the data
may represent both parameters and entities, in this instruction the word “data” is generally used.

It should be pointed out that in the process of qualifying data, the traceability that is the focus of many
quality assurance systems is only one aspect. An equally important aspect is the scrutinising of the
scientific adequacy of the data.

Each data set provided in this report is categorised into one of many different subject areas. For each
subject area, the data qualification process comprises a sequence of stages resulting in a text of a
standard outline. The sequence of stages and the standard outline are shown in Figure 2-3.

Below the parties involved in the Data report and the sequence of stages shown in Figure 2-3 are
discussed. The standard outline is described in Sections 2.3.1 to 2.3.12. For each subject area, the
Data report team identifies the customer and supplier of data, and assigns a customer representative
and a supplier representative that co-author the subject area section®.

The customer is in broader terms the assessment team that is responsible for performing the safety
assessment. However, the entire team is generally not involved in each subject area but it is rather

embodied by a group of persons with special knowledge and responsibility. The customer representa-
tive should represent the assessment team, and not rely solely upon own opinions.

The suppliers are the teams originating the sources of data, for example the site-descriptive model
reports, production reports, and other supporting documents. The supplier representative should
represent the team, and not rely solely upon own opinions.

The intended chronology of the writing of a subject area section is the following.

Stage A: The customer writes the first two sections defining what data are requested from the supplier,
how the data will be used in safety assessment modelling, and how similar data were used in
previous assessments.

Stage B: The supplier writes the following eight sections that are the core of the data qualification.
This is done according to a standard outline where a number of issues such as traceability,
data uncertainty, and natural variability should be dealt with. These sections should result
in sets of qualified data that are the delivery to the customer.

Stage C: The customer, representing the entire assessment team, writes the last two sections making
judgements upon the delivery and recommending data for use in the safety assessment model-
ling. The text is produced in close cooperation with other persons within the assessment team
with special knowledge and responsibility. The text should reflect upon the formal decision
taken in Stage D (accordingly, it may need to be revised after Stage D).

The text of each stage should be made available in good time to the person or persons responsible for

writing the text of the subsequent stage. Upon completion of Stage C, a data qualification meeting is
held (Stage D) and the text is subjected to factual review (Stage E). If case the subject area text has
been well communicated during its preparation, and the customer and supplier share the views of the
text, the data qualification meeting (Stage D) may be held after the factual review (Stage E), to get

an external input on the data delivered.

* The terms customer and supplier come from standard quality assurance terminology.
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Stage D: For each subject area, a data qualification meeting is held where the customer and supplier
representatives, and at least one member of the Data report team are invited. Appropriate

members of the assessment team and supplier team may also be are invited. At the meeting,

the data delivery to the safety assessment is formally decided upon and the decision is
recorded in minutes (documented according to SKB’s quality assurance system). For the
PSAR, data qualification meetings have only been conducted when the recommended data

has been updated (Sections 3.1, 3.2 and 3.3).

Stage E: The subject area section is subjected to a factual review according to standard procedures.

Stage A

The customer defines the
requested delivery of the
subject area data.

1. Modelling

2. Experience from SR-Site

Stage B

The supplier delivers
qualified data upon
going through a data
qualification process
on a standard outline.

3. Supplier input on use
of data

4. Sources of information and
documentation of data
qualification

5. Conditions for which data
are supplied

6. Conceptual uncertainty

7. Data uncertainty due to
precision, bias, and
representativity

8. Spatial and temporal
variability

9. Correlations

10. Result of supplier’s data
qualification

Stage C

The assessment team
judge the delivery and
recommend data for use.

11. Judgements by the
assessment team

12. Data recommended
for modelling

Stage D

formally decided upon.

where the final data delivery is

Stage E

A data qualification meeting is held R In the process of finalising the Data
report, it is reviewed according to
standard procedures.

Figure 2-3. Stages of writing and reviewing the Data report. The standard outline of a subject area is shown

in the yellow boxes.
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Finally, within the assessment project but outside the scope of the Data report team, a follow-up is
made where it is controlled that the correct data are used. This could be seen as Stage F in the data
qualification process, but its falls upon the modellers using the data to carry this stage through. It is
therefore not shown in Figure 2-3.

In the following sections, the outline shown in the yellow boxes in Figure 2-3 is described in detail.
The text is based on an SKB quality assurance document “Supplying data for the SR-Site Data report”
which was used in SR-Site. However, to fit the format of this SKB report, editorial modifications have
been made. To limit the number of editorial modifications, the grammatical tense of the instruction
has been kept.

Based on the experiences from SR-Site (stage A in Figure 2-3 and presented, for each subject area, in
Sections x.x.1 to x.x.2), the majority of the modelling activities in the currents safety assessment use
the same data and models as in SR-Site. For many of these, the qualification process is reproduced
from the SR-Site Data report (stage B in Figure 2-3 is presented, for each subject area, in Sections X.X.3
to x.x.10). The justification for using this data (stage C in Figure 2-3 is presented, for each subject area,
in Sections x.x.11 to x.x.12).

2.3.1 Modelling

In this section, the customer should define what data are requested from the supplier, and give a brief
explanation of how the data of the subject area are intended to be used in modelling activities.

Defining the data requested from the supplier

Here, the customer should define the data (parameters) that should be part of the supplier’s delivery, in
a bullet list. If applicable, the parameter symbol and unit should be provided in this list. If the supplier
should focus on providing data of certain ranges, or for certain conditions, this should be specified.
This text should not only facilitate the task of the supplier, but also assist the reader of the Data report
in understanding the scope of the subject area section.

Modelling activities in which data will be used

Here the customer should give a brief explanation of how the data are intended to be used in different
modelling activities. This explanation should cover both how the data are used in specific models, and
in the model chain (unless evident from the assessment model flowcharts). Differences from the use
of this type of data in SR-Site should be highlighted. The justification for the use of these models in the
assessment is provided in other documents, such as the Post-closure safety report and process reports.

As a result of the extensive work that will be conducted up to near completion of the SR-Site safety

assessment, details of the models and the model chain may be modified. As a result, this text may have
to be finalised in a late stage of the Data report project. Thus only a preliminary version is provided

early on to the supplier.

2.3.2 Experience from SR-Site

In this section the customer should give a brief summary on how data of the subject area were used in
SR-Site. The experience from SR-Site should function as one of the bases for defining the input data
required. It should be noted that the teams undertaking the safety assessments largely are the same, so
transferring experience from previous assessments should not present any substantial problem. The
summary of how the data were used in SR-Site should conform to the following outline:

*  Modelling in SR-Site.

» Conditions for which data were used in SR-Site.

» Sensitivity to assessment results in SR-Site.

* Alternative modelling in SR-Site.

» Correlations used in SR-Site modelling.

* Identified limitations of the data used in SR-Site modelling.

38 SKB TR-21-06



More detailed guidance regarding what should be included in the summary in relation to each of these
bullets is given below.

Modelling in SR-Site

The use of the data in specific SR-Site models, as well as in the SR-Site model chain, should be
described. The summary should be kept short and focus upon differences between the use of data in
SR-Site and the current assessment. Repetitions from the section “Modelling” should be avoided.
If there is no difference between the SR-Site and the current assessment modelling approaches, it is
sufficient to state this.

Conditions for which data were used in SR-Site

In this section, the relevant conditions to which the subject area data were subjected to in SR-Site
modelling should be outlined. Relevant conditions are only those conditions that significantly influence
the data, in the context of demonstrating repository safety. Different subject area data are affected by
different conditions. For example, the sorption partition coefficient K, may be strongly influenced
by groundwater salinity. Thus, in characterising the conditions under which K, values were used,

it is likely to be appropriate to give the salinity range during repository evolution, for example as
assessed in the SR-Site hydrogeochemical modelling. Other types of conditions may include gradients,
boundary conditions, initial states, engineering circumstances, etc.

It is sufficient to state the relevant conditions used in SR-Site modelling (including those applied

in sensitivity analyses, various initial states, different scenarios, and evolution within scenarios) and
to refer to SR-Site documents for background information. Justification as to why those conditions
were studied is not required. Where appropriate, the relevant conditions should be tabulated. It should
be noted that the stated conditions do not restrict qualification of data for use under other conditions,
but merely underline the conditions considered appropriate within the modelling context of SR-Site.
If conditions of SR-Site were similar to those of the current assessment, it is sufficient to state this.

Sensitivity to assessment results in SR-Site

Where appropriate, an account should be given of results from sensitivity analyses performed as part
of, or prior to, the SR-Site safety assessment. Such analyses were made in order to prioritise uncertainty
assessments for those data and conditions judged to be potentially important for performance, both for
overall end-points such as risk and for conditions affecting the state of the system. If such sensitivity
analysis was performed, the following issues may be outlined:

» For what ranges of the data was the impact on the SR-Site safety assessment significant and are
there ranges where the impact was negligible? If sensitivity analyses show that only part of the
range has an impact on repository safety, less effort may be given to quantifying parameter values
outside this range.

*  Was the impact monotonic, i.e. is there a unidirectional relationship between the data value and
performance, is there an “optimal” value, or is the impact dependent in a complicated manner
upon the values of other input data?

*  What degree of variation in the data is needed to have an impact on safety assessment results
(this may be different for different data ranges)?

»  Were the results applicable to all conditions of interest — or only to some?

In discussing the above, the customer should consider if the cited sensitivity analyses were sufficiently
general to provide definitive answers.
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Alternative modelling in SR-Site

Whenever it applies, the customer should summarise alternative modelling in SR-Site focusing on the
concerned data. The following issues should be reflected upon:

* What alternative models exist and what influence did they have on the safety assessment?

*  Were conceptual uncertainties, related to the models in which the data were used, identified
in SR-Can? In that case, what was the impact on assessment results?

Correlations used in SR-Site modelling

A correct treatment of probabilistic input data requires that any correlations between those data are
identified and quantified. The correlations associated with the subject area data, as accounted for in
SR-Site, should be briefly described. This includes internal correlations within the subject area and
correlations with data of other subject area sections. If the same correlations were used as will be
used in the current assessment, it is sufficient to state this.

Identified limitations of the data used in SR-Site modelling

If limitations or shortcomings of the data used in SR-Site have been identified, which may significantly
have affected the assessment, such should be accounted for. The limitations or shortcomings can be due
to, for example, lack of site-specific data or lack of data obtained at conditions representative for the
repository. The limitations and shortcomings may have been identified by the regulatory authorities,

by SKB, or by other parties.

2.3.3 Supplier input on use of data in SR-Site and the current assessment

In this section the supplier has the opportunity to comment on the two above sections. The focus

for the supplier should be to help the SR-Site team in choosing appropriate data and modelling
approaches, and avoid repeating errors and propagating misconceptions from SR-Site or from earlier
safety analyses. Even if a single individual has the roles as both supplier and customer representative,
he or she may still make comment upon the use of data in SR-Site and the current assessment.

2.3.4 Sources of information and documentation of data qualification

This section is devoted to presenting the most important sources of data, as well as categorising
different data sets on the basis of their traceability and transparency, and scientific adequacy. Sources
of data may include SKB reports, SKB databases, and public domain material. Documents of
importance for the data qualification may also consist of SKB internal documents. All underlying
documents should be properly cited throughout the Data report.

Sources of information

The supplier is asked to tabulate the most prominent references used as sources of data. In addition,
the references of important documents describing the process of acquiring, interpreting, and refining
data may be listed.

If the data qualification process is well documented in supporting documents, it is sufficient to refer-
ence these documents and to only briefly summarise the data qualification process. If not, the Data
report gives the supplier a chance to appropriately document the data qualification process of the
subject area data.

Concerning sources of information, the supplier should:

 Fully cite all sources of information throughout the text. It is necessary to keep in mind that the text
may have readers with limited in-depth knowledge of the subject. Therefore, what normally would
seem as trivial may deserve references for further reading. It is strongly recommended to make an
extra effort to refer to the open literature where possible, and not only to SKB documents.

» In case of referring to a document of many pages, for example a site-descriptive model report, give
detailed information on the section, figure, table, etc where the relevant information can be found.
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* Properly cite databases, SKB internal documents, etc even though they may not be available to the
general reader. In the case of referring to databases, the precise reference should be given to the
individual data set used. For example, it is not sufficient to refer to the SKB database Sicada if not
also giving detailed information, such as the activity or the number of a Sicada delivery note. This
is to ensure traceability.

* Fully cite advanced modelling tools where the underlying code may have implications for data
qualification.

Categorising data sets as qualified or supporting

The supplier should categorise data as either qualified data or supporting data. Qualified data has been
produced within, and/or in accordance with, the current framework of data qualification, whereas
supporting data has been produced outside, and/or in divergence with, this framework. Data taken from
peer-reviewed literature take a special position in that they may be considered as qualified even though
they are produced outside the SKB framework of data qualification. However, such data are not by
necessity categorised as qualified, as they may be non-representative or lack in some other aspect.

Data recently produced by SKB, for example in the site investigations, should a priori be considered
as qualified. However, before the data are formally categorised as qualified, a number of considera-
tions need to be made as described below. Data produced outside the data qualification framework
should a priori be considered as supporting data. This could for example be data produced by SKB
prior to the implementation of its quality assurance system, or data produced by other organisations.
Before formally categorise the data as supporting, a number of considerations need to be made as
described below.

Data taken from widespread textbooks, engineering handbooks, etc, which are considered to be
established facts, need not to be scrutinised. Well-known data that should be excluded from the Data
report need not to be categorised as qualified or supporting data, although their exclusion may need
to be justified.

It is outside the scope of the Data report to deal with individual data. Instead the supplier should
characterise data sets as qualified or supporting. The supplier should decide to what extent various
data can be included in a single data set for the specific case. The following examples of natural
barrier data sets could be used for inspiration:

» Data, or part of data, obtained by a specific method at a site, rock volume, borehole, etc.

» Data, or part of data, obtained by various methods at certain conditions (e.g. saline water)
at a site, rock volume, borehole, etc.

» Data, or part of data, taken from an external publication.

Qualified data

The following considerations should be made for data that a priori are identified as qualified, before
formally categorising them as qualified. Most of the data that is delivered to the Data report are
refinements and interpretations of observed data. Such refinements and interpretations are performed
both for engineered and natural barrier data. For example, the multitude of data acquired within the
site investigation are normally refined within the site-descriptive modelling by use of more or less
complex models. The supplier should judge whether data acquisition and refinement, and associated
documentation, are in accordance with the implemented data qualification framework. The following
considerations may form the basis for the judgement.

Considerations concerning data acquisition:

» s the acquisition of observed data performed in conformance with a widely adopted quality
management system (e.g. the ISO 9000 series or equivalent)?

» Isit possible to trace relevant quality assurance documents (for example method descriptions, field
notes, etc) for the measurements? It should be noted that even though the quality assurance docu-
ments may not be available for the general reader, they are accessible for the SR-Site team.
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» Is it possible to extract relevant information on the data quality, variability, and representativity
from documents reporting the acquisition of data?

e Are concerns associated with the observed data and nonconformities of the measurements
transparently described?

 Is the undertaken data acquisition programme sufficient to determine the full range of data uncer-
tainty and natural variability, and do the acquired data appropriately characterise the intended aspect
of the system (site, rock domain, copper canister, population, etc)?

Considerations concerning data refinement:

* Are concerns and nonconformities described in the supporting documents propagated to, and
addressed in, the data refinement?

* In refining observed data by use of more or less complex modelling, is this done in accordance
with documented methods?

» In case of more complex modelling, which may have implication for data qualification, is the
details of the modelling described in either a task description or the document reporting the model-
ling results? Furthermore, is the modelling tool developed in accordance with a widespread quality
assurance system and/or is its quality tested in other ways?

* Has comparative/alternative modelling been performed to evaluate artefacts induced in the
modelling, and to evaluate whether the modelled interpretation of the data is reasonable?

Going through these questions in detail for each data set may be a too extensive task. Accordingly,
the sorting of data to some degree is based on expert judgement. However, in making this judgment,
it may be helpful to revisit the above bullet lists.

If appropriate data qualification has been performed and documented in supporting documents, or
can be performed and documented as part of the delivery, the data should be formally categorised
as qualified data. If the documentation of the data qualification process is inadequate in supporting
documents, and appropriate data qualification cannot be performed as part of the delivery, the data
must be demoted to the category supporting data.

As mentioned before, data taken from peer-reviewed literature takes a special position in that they may
be considered as qualified even though they are produced outside the SKB framework of data qualifica-
tion. However, before formally categorising them, one needs to judge whether they are representative
for the intended KBS-3 repository system and the Forsmark site. A prerequisite for making such a
judgement is often that the documents are transparently written. In case the data are non-representative
for Swedish conditions, or their degree of representativity is difficult to evaluate, the data may be
categorised as supporting instead of as qualified.

Supporting data

The following considerations should be made for data that a priori are identified as supporting,
before formally categorising them as supporting. Such data are produced by SKB outside the
framework of data qualification, or by other organisations. The supplier should:

* Consider how well the method used to acquire the data is described? The greater the transparency
with which the method is described in the supporting document, the greater the value should be
ascribed to the data.

* Consider how well the method used to interpret and refining the data is described? The more
transparently the interpretation and refinement is described in the supporting document, the greater
the value should be ascribed to the data.

» Consider if it is possible to identify and evaluate the data qualification process used in acquiring
and refining the data? If it is shown that a sound data qualification process has been used, the
data should be ascribed greater value.

» Judge, based on the above, whether the data can be used as part of the basis for recommending data
to SR-Site safety assessment modelling, as comparative data for other qualified data, or should not
be used at all. In some cases the transparency of a document is so poor that crucial information
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concerning data qualification cannot be extracted. If this renders an assessment of the data’s
scientific adequacy and their representativity for Swedish conditions impossible, the supplier should
recommend that the data are dismissed. This can be done even if the numerical values of the data
are consistent with other, qualified data.

In case data that a priori are assumed to be supporting are acquired, interpreted, and refined according
to a similar data qualification framework as implemented by SKB, and the data are accurate and
representative, the supplier can promote the data to the category qualified data.

It should be noted that data taken from peer-review literature can be categorised as supporting data.
This can be done if, for example, data are only partially representative for the Swedish repository
concept and the Forsmark site.

Upon formally categorising the data sets as qualified or supporting, they should be tabulated as
exemplified in Table 2-8. As can be noted, justifications for the sorting are given in the same table for
the numbered items.

Table 2-8. Qualified and supporting data sets (for parameter Y).

Qualified data sets Supporting data sets

1. (SKB, 20xx), Section 4.5: All data on parameter Y obtained for 5. (Nilsson, 19xx), Table 1. Data obtained in the
rock domain RFM029. pH range 6-9 in sedimentary rock.

2. Data presented in the Underground openings construction
report in Figure x.

3. (Svensson, 20xx), Table 2: Data between the borehole length
400-452 m in KFMO01D, indicating an average value of 2650 m?/kg.

4. All parameter Y data stored in SKB Database X, with the identity
number xxx-yyy-zzz.

1-2, 4. These data have been produced within the site investigation (item 1), within a production report (item 2), or as
part of the site-descriptive modelling (item 4). These data are produced within the SKB data qualification framework
and are judged as qualified.

3. (Svensson, 20xx) is a peer-review article and the data are obtained at the Forsmark site and are judged as
representative. The data set is judged as qualified.

5. (Nilsson, 19xx) is a peer-review article that is transparent and scientifically sound. However, the data are
predominantly representative for sedimentary rock. Accordingly they are judge as supporting.

Excluded data previously considered as important

Within the field of nuclear waste management, there are large quantities of data that are of little signifi-
cance for the safety assessment, as they are less representative for the Forsmark site, the KBS-3 reposi-
tory concept, etc than other available data. In general, excluding such data from subsequent use in the
assessment does not require justification. The exception is if the data constitutes a well-known part of
the basis of previous safety assessments (or equivalent tasks), and/or have a significant impact on the
perception of the appropriate choice of data values. If it could be seen as a significant inconsistency
or omission not to use the data, their exclusion should be explicitly justified. Providing an appropriate
justification is particularly important if the excluded data disagree with the presently used data.

2.3.5 Conditions for which data are supplied

The data of the different subject areas are likely affected by different conditions. Conditions refer to

initial conditions, boundary conditions, barrier states, and other circumstances, which potentially may
affect the data to be estimated. In the process of qualifying data for subsequent use in safety assess-
ment, an important part is to account for the conditions for which data were acquired, and to compare
these conditions with those of interest for the safety assessment.

In the section “Experience from SR-Site” it is stated for what conditions data were used in SR-Site.
These conditions should not limit the conditions for which data are examined, but merely point out
conditions that are likely to be of importance for a safety assessment. The supplier may have been
given instructions from the assessment team, or may have opinions about important conditions,
which lead to modifications of the SR-Site conditions.
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In this section, the conditions for which the data have been obtained should be discussed and, as appro-
priate, justified as relevant to the assessment. Such a condition is often a single value (e.g. tempera-
ture), a range (e.g. salinity range), or a gradient (e.g. hydraulic gradient). Other factors of relevance for
repository safety may be included as conditions, at the discretion of the supplier. Conditions that are
deemed to be of particular importance for repository safety should be highlighted. Other conditions that
do not significantly relate to repository safety, but may be of importance for data qualification, are also
important to note. Such information is valuable when, for example, crosschecking data sets with those
of other studies or evaluations. The supplier may list ranges of applied conditions during data acquisi-
tion, excluding conditions that are both general and self-evident (such as the gravitation).

In many cases, it is expected that the conditions for which data are supplied will differ from those
assumed in the safety assessment. For example, a set of supplied data may not represent the full
temperature range required, or may have been obtained at a different pressure than expected in situ.
The differences identified by the supplier should be outlined in this section. Furthermore, for each
deviating condition of importance for the assessment results, the implications should be discussed.

2.3.6 Conceptual uncertainty

This section concerns conceptual uncertainty of the subject area data. Two types of conceptual
uncertainty should be discussed. The first concerns how well the data, and the models wherein they
are used, represent the physical reality, and the second concerns conceptual uncertainties introduced in
the acquisition, interpretation, and refinement of the data. Generally data are included in models that
represent an idealised reality, which to some degree differs from the physical reality. Therefore, one can
expect that a degree of conceptual uncertainty is associated with all data compiled in this Data report.

To the extent possible, the supplier should describe such conceptual uncertainty. This should be done in
the context of the models in which the data are used, intended to describe certain postulated processes.
Also, it may be appropriate to discuss alternative conceptualisations in which the data may be used
in different ways. If comprehensive discussions on the subject have already been documented, such
documents may be referred to and a short summary of the conceptual uncertainty will suffice. Aspects
of the conceptual uncertainty that are obviously unrelated to repository safety may be disregarded.

Conceptual uncertainty may also be introduced in the acquisition, interpretation, and refinement of
the data. For example the data may have been obtained by inverse modelling of experimental results,
where conceptual uncertainty is introduced by the model. The data may also have been obtained by
using some correlation relationship, where there is conceptual uncertainty in the correlation. Many
other sources of conceptual uncertainty are conceivable and may be discussed at the discretion of the
supplier. In doing this, the supplier should carefully differentiate between uncertainties introduced
due to conceptual issues and data uncertainty introduced by measurement errors, etc. Data uncertainty
should be discussed in the following section.

2.3.7 Data uncertainty due to precision, bias, and representativity

In this section data uncertainty should, if possible, be discussed in terms of precision, bias, and repre-
sentativity, in the context of their application in SR-Site. Such uncertainty is associated both with
the acquisition of data, for example in the site investigations, and subsequent refinement of data, for
example in the site-descriptive modelling. Data uncertainty includes neither conceptual uncertainty
nor natural variability.

If comprehensive discussions on these matters are documented elsewhere, such documents should be
referred to, and a short summary of the discussion will suffice. The supplier should begin with discuss-
ing the precision of the supplied data. To the extent possible, data spread due to the precision should
be separated from data spread due to natural variability. Precision issues are both associated with the
method used in acquiring the raw data and subsequent interpretation of data. Concerning acquiring
raw data, limitations in precision are not only associated with the equipment and method used when
performing the measurements, but also with the sampling procedure, sample preparation, etc. Precision
issues associated with interpretation of the data depend to a large degree on the procedure used, and
should be discussed at the discretion of the supplier. As an example, it may not be straight forward to
estimate the precision of data that are a function of other acquired data, with their intrinsic limitations
in precision.
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Thereafter, the supplier should discuss the bias of the supplied data. Similar considerations apply as
when discussing precision, both for bias associated with the acquisition of raw data and with their sub-
sequent interpretation. Bias in observed data is often associated with the method used for acquiring data
and its calibration, and with effects of sample preparation. Bias is also associated with the sampling
procedure, sample size, and differences in conditions for example between those in the laboratory and
in situ. Bias issues associated with data interpretation depend to a large degree on how the interpreta-
tion is made, and should be discussed at the discretion of the supplier.

Finally the supplier should discuss the representativity of the supplied data, both in terms of data acqui-
sition, and data interpretation and refinement. Issues associated with the representativity of acquired
data often concern the sampling procedure, the sample size relative to natural variability and correlation
length, and differences in conditions between, for example, those in the laboratory and in sifu.

An important issue is whether the data are generic or site and/or technique specific. In the case of
access to generic data only, the supplier should discuss whether, and to what degree, the lack of site
and/or technique specific data influences the data uncertainty. Representativity issues associated with
data interpretation and refinement depend much on the specific interpretation and refinement process,
and should be discussed at the discretion of the supplier.

As well known, the precision, bias, and degree of representativity often depend on a mixture of the
above-suggested sources for data uncertainty, and may not be easily separated. However, the supplier
is asked to reflect carefully on these issues, as an assessment of data uncertainty is central for the data
qualification. In case data uncertainty cannot be discussed in terms of precision, bias, and representa-
tivity, for example as the resolution in data does not allow for such separation, it will suffice to make

a general data uncertainty discussion.

Comprehensible illustrations of different data sets are of high value. The objective of the illustrations
is not necessarily to provide a detailed basis and description of the numerical values of the individual
data. Sometimes the objective may be to give the reader an understanding of how much, and in what
ways, the data varies and the data sets differ from each other. An example of presenting different
data sets is given in Figure 2-4, where the reader can get an immediate perception about differences
between the data sets. Examples of other illustrations are given in subection 2.3.10.
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Figure 2-4. Example of presenting differences in data sets.
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2.3.8 Spatial and temporal variability of data

In this section the supplier should discuss the spatial and temporal variability of the subject area param-
eters. The natural variability should as far as possible be separated from data uncertainty, discussed in
the above section.

The supplier should describe what is known about the spatial variation, sometimes referred to as
heterogeneity, of the subject area data. This may result in different data sets for different volumes
or elements of the repository system, or for different time periods. If comprehensive discussions on
the natural variability are documented elsewhere, such documents should be referred to and a short
summary of the natural variability will suffice.

In the process of describing the spatial variability, it may be helpful to reflect on the following line
of questions.

+ Is there spatial variability of the data, and if so is it of consequence for the safety assessment?

» s the spatial variability scale dependent? If so, can an appropriate approach of upscaling to safety
assessment scale be recommended?

*  What is known about correlation lengths from, for example, variograms?

+ Can the spatial variability be represented statistically as a mean of data qualification and, if so,
how is this done?

» Is there any information about the uncertainty in the spatial variability?

In the process of describing the temporal variability, it may be helpful to reflect on the following line
of questions.

» Is there temporal variability of the data, and if so is it of consequence for the safety assessment?

* What processes affect the temporal variability of the data and how is the temporal variability
correlated with these processes?

* Does the temporal variability follow any pattern, for example a cyclic pattern?

* Could the temporal variability be represented statistically as a mean of data qualification and
if so, how is this done?

 Is there any information about the uncertainty in the temporal variability?

In addition, other relevant issues concerning the natural variability may be addresses at the discretion
of the supplier. Comprehensible illustrations of different data sets from different volumes, elements,
or time periods are of high value.

2.3.9 Correlations

An appropriate treatment of probabilistic input data requires that any correlations and functional
dependencies between those data are identified and quantified. In the extensive work with the FEP
database and the Process reports, most correlations and functional dependencies between parameters
have been identified. Where appropriate, these correlations and functional dependencies should
also be implemented in the safety assessment models. It should be an aim to aid those performing
stochastic modelling, by giving well defined and usable information on how to handle correlations
between input data.

Correlations and functional dependencies may also have been used when acquiring, interpreting, and

refining data. For example, concerning sorption partition coefficients, data have not been acquired for
all relevant radioelements. For species for which there is a lack in observations, the supplied sorption

partition coefficient will have been estimated from data obtained for one of more analogue species.
This has implications for how to correlate input data in stochastic safety assessment modelling.
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In this section the supplier is requested to address the following questions:

» Are there correlations or functional dependencies between parameters within the subject area,
or with parameters of other subject areas? If so, account for these and if possible also outline the
consequences for subsequent modelling.

» If correlations have been used in acquiring, interpreting, and refining data, how is this done?
Furthermore, is the outcome based solely upon correlations, or on both measurements and
correlations?

» If the data varies in space and time — is anything known about its autocorrelation structure?

» s there any other reason (apart from already cited correlations and functional dependencies)
to suspect correlations between parameters considered as input to SR-Site modelling?

2.3.10 Result of supplier’s data qualification

In this section the supplier is requested to present data that are considered to be appropriate as a basis
for suggesting input data for use in the safety assessment. Comprehensive information relating to each
parameter requested in the bullet list under the heading “Defining the data requested from the supplier”
(cf Section 2.3.1) should be given. Only one set of data should be delivered for each specified condi-
tion, volume, element, time period, alternative modelling approach, etc.

The general process of reducing and interpreting data, valuing different data sets, and finally selecting
the recommended data for delivery to the assessment team should be fully accounted for, if not already
accounted for in the previous sections or in supporting documents. In the latter case, it is sufficient
to briefly summarise, or refer to, the process of selecting the delivered data.

In case the data presented in supporting documents need reinterpretation and further refinement,

in the light of this instruction and/or other information, this should be fully documented. In case the
supporting documents give more than one data set for a specified condition, volume, element, time
period, etc, further data reduction is required. Such data reduction may include the merging of data sets,
and there may be a need to give different weight to different data sets. Much weight should be given
to peer-reviewed data judged as representative for the Swedish site and repository system. Generally,
more weight should be given to qualified data than to supporting data. The degree to which the data
are representative in the context of their application in the assessment should also be a factor in the
weighting. Exactly how much weight should be given to individual data sets must be decided upon
by the supplier. The process of further reinterpretation, refinement, and data reduction should be fully
documented. If it increases the readability of the text to also utilise other sections for such documenta-
tion, this is allowed. Also, if this requires much space, some information may be appended.

The data sets that the supplier recommends to the assessment team should be in the form of single
point values, probability distributions, mean or median values with standard deviations, percentiles,
ranges, or as otherwise appropriate.

If the data have significant variability and/or uncertainty, the spread in data could be described as a
range. However, the meaning of the range has to be provided, e.g. does it represent all possible values,
all “realistically possible” values or just the more likely values? The supplier may provide more than
one range, representing different probabilities, as exemplified below:

* The range wherein the likelihood of finding the data is high.
* The range for which the likelihood of finding data outside this range is very low.

All data should be recommended in the context of input data to safety assessment modelling.
Accordingly the final uncertainty estimate should encompass conceptual uncertainty, data uncer-
tainty, and natural variability (cf Sections 2.3.6, 2.3.7, and 2.3.8). If the supplier has used some kind
of mathematically expression to account for the uncertainty and natural variability, this expression
should be provided and justified.
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If the data are suggested to be described by a well-defined probability distribution, it should be justified
on statistical grounds that the data indeed are (sufficiently well) distributed accordingly. The usage
of standard deviation is often perceived to imply that the data are normally distributed; even through
the definition of standard deviation is unrelated to specific probability distributions. Therefore, when
giving the standard deviation, it should be remarked upon whether or not the normal distribution
appropriately describes the data. If there are obvious differences between how the data set at hand is
actually distributed, and the probability distribution (or range) finally recommended, the reasons for,
and implications of, this should be discussed. Outliers should not be dismissed without justification.

It should be noted that in many cases, at some stage probability distributions must be assigned to
numerical data being the input to probabilistic safety assessment modelling. If the supplier feels
inadequate to deliver a defined distribution, but for example delivers a best estimate, an upper, and

a lower limit for data, it may fall on the SR-Site team to transform such information into probability
distributions. This is justified as the SR-Site team may have a better understanding of how the shape
of the assigned distributions (especially in their tails) affects the assessment results. The SR-Site team
may also, in some cases, have a better understanding of the underlying statistics of the suggested
distribution.

The above instructions are not applicable to all data, as all data are not necessarily in the form
of numerical values. Examples are exit locations for groundwater flowpaths, given as co-ordinates,
or information on solubility limiting phases, given as chemical species and reactions.

For a spatially varying function well described by a given stochastic process, e.g. through a variogram
or as realised in a Discrete Fracture Network, a potential statement may be that all realisations of this
spatially varying function are equally probable.

Finally, it may be impossible to express the uncertainty by other means than a selection of alternative
data sets. There are a number of uncertainties that cannot be managed quantitatively in any other
rigorous manner, from the point of view of demonstrating compliance, than by pessimistic assump-
tions. This is allowed, as long as the supplier clearly documents this together with the justification for
adopting this approach.

Comprehensible illustrations and tables of the suggested data sets are of high value. Figure 2-5
shows some examples, taken from the SR-Can Data report (SKB 2006b), displaying how data may
be represented. Figure 2-5a shows a histogram of formation factor data and also a fitted log-normal
probability distribution (SKB 2006b, Figure 6-20). The distribution parameters are displayed in
the figure. Figure 2-5b shows an excerpt of a table displaying sorption partitioning coefficients
(SKB 2006b, Table A-43). Here a median value is given as the best estimate value. In addition two
ranges are given, one range wherein 50 % of the data are estimated to be found, and one wherein
roughly 99 % of the data are estimated to be found. Figure 2-5c, which is an excerpt of SKB (2006b,
Table A-6) shows an example where no numerical data is given. Instead solubility limiting phases,
used in the analysis of the solubility limits, are shown.

For data which are impractical to tabulate in the Data report (for example the co-ordinates of thousands
of exit locations for groundwater flowpaths), it is sufficient to precisely refer to a database or equiva-
lent. However, if possible the data should be illustrated in figures or excerpts of tables.
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Figure 2-5. Examples of representations of recommended data. Reproduced from, or excerpts of, Figure 6-20,
Table A-5, and Table A-43 of the SR-Can Data report (SKB 2006b).
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2.3.11 Judgements by the assessment team

In this section, the customer representative, on behalves of the SR-Site team, should document the
examination of the delivery provided by the supplier, and make judgment on the data qualification
process and on the qualified data. This text should be produced in close cooperation with persons
of the assessment team with special knowledge and responsibility. In case of unresolved issues, the
final phrasing should be decided upon by the assessment team. Comments should be made on all the
sections listed below:

* Sources of information and documentation of data qualification.
» Conditions for which data are supplied.

» Conceptual uncertainty.

+ Data uncertainty due to precision, bias, and representativity.

» Spatial and temporal variability of data.

+ Correlations.

* Result of supplier’s data qualification.

If appropriate, a response to the section “Supplier input on use of data in SR-Site and SR-Can” may
also be warranted.

Concerning the section “Sources of information and documentation of data qualification” the customer
should judge if appropriate documents are referenced, and if the categorisation of data sets into quali-
fied or supporting is adequately performed and justified.

Concerning the section “Conditions for which data are supplied” the customer should focus upon

whether the conditions given by the supplier are relevant for assessment modelling. If not, it should be
accounted for how this is handled in the current assessment (for example by extrapolating data, using
generic data, or assuming pessimistic values) and what degree of uncertainty such a procedure induces.

Concerning the section “Conceptual uncertainty” the customer should judge whether the discussion
provided by the supplier is reasonable and sufficiently exhaustive. If the customer sees the need to
include additional sources of conceptual uncertainty, such should be described and if possible quanti-
fied. Finally, where necessary the impact of the conceptual uncertainty on the assessment should be
discussed, as well as how conceptual uncertainty is handled in assessment modelling (for example by
applying pessimistic corrections factors to the data).

Concerning the section “Data uncertainty due to precision, bias, and representativity”, the customer

should make a judgment on the account provided by the supplier. Also, if the customer sees the need
to include additional sources of data uncertainty, these should be described and if possible quantified.
If necessary the impact of the data uncertainty on the assessment should be discussed, as well as how

data uncertainty is handled in SR-Site modelling (for example by applying data uncertainty distribu-
tions or using corrections factors for the data).

Concerning the section “Spatial and temporal variability of data” the customer should focus upon
whether the spatial and temporal variability are adequately characterised and whether they are of
relevance for the modelling. Also, if the customer sees the need to include additional sources of spatial
and temporal variability, such should be described and if possible quantified. In necessary, the impact
of the spatial and temporal variability on the assessment should be discussed, as well as how this is
handled in assessment modelling (for example by applying data distributions or different data for
different model times and volumes).

Concerning the section “Correlations” the customer should scrutinise the correlations and functional
relationships suggested by the supplier. Also, if correlations other than those suggested by the supplier
are identified in the SR-Site project (for example in Process reports) these should be briefly described
where necessary. If appropriate, a summary could be provided concerning which correlations are of
actual importance for safety assessment modelling and results.
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Concerning the section “Result of supplier’s data qualification” the customer should make judgement
on the choice of data by the supplier, based on scientific adequacy, usefulness for the safety assess-
ment, and the data qualification process. Comments could be made on the delivered estimates of data
uncertainty and natural variability, as well as on the data reinterpretation/refinement/reduction process.
Furthermore, the delivered distributions, data ranges, etc should be scrutinised from a statistical
point of view. It should be judged whether the suggested way of representing data, for example by a
log-normal distribution, is adequate for SR-Site modelling. If the assessment team chooses to promote
other data than those suggested by the supplier, the choice should be fully documented.

For all the sections listed above, supplier statements or supplied data believed to be extra uncertain,
dubious, or even erroneous should be highlighted by the customer. These matters should be raised
with the supplier and, if possible, resolved and accounted for in this section.

2.3.12 Data recommended for use

The main delivery of the Data report is recommendations of data that generally are numerically well
defined. Such recommended data should be given in this section.

Based on all the available information, but also on the needs from assessment modelling, the customer
representative and assessment team should make a final choice of data in form of single point values,
ranges, or well-defined probability distributions, encompassing natural variability, data uncertainty,
and other uncertainty. These data should be clearly tabulated (or otherwise presented) in this section.
Alternatively, precise referencing to tables or equivalent in previous sections can be made. For data
which are impractical to tabulate in the Data report it is sufficient to precisely refer to a database

or equivalent.

Also short guidelines for how to use the data in subsequent modelling should be given, as required.
Justifications and guidelines should be kept short so that this section mainly contains tabulated data
that are easily extractable for safety assessment modelling.
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3 Spent fuel data

31 Radionuclide inventory

The inventory of a canister is the quantity of radionuclides in the canister. The data presented represent
the inventory of an average canister, as well as the inventory of six different hypothetical canisters with
different average burnup. The inventory of an average canister is obtained by dividing the total inven-
tory expected at the time of repository closure by the estimated total number of canisters.

In this section the term selected inventory is used. The inventory of a canister is comprised of a great
number of radionuclides. However, only a handful of them are relevant for the safety assessment, as
they have long enough half-life, large enough radiotoxicity, exist in large enough amounts, and/or
produce decay products of the above standing attributes. One can through very basic calculations
screen out the great majority of the radionuclides as obviously insignificant for the safety assessment.
The result of such a screening is presented in Section 2.2.1, in form of a list of selected radionuclides
of potential importance for the safety assessment.

As a result of radioactive decay, the inventory varies over time. If the inventory is known at one
specified time, one can through decay chain calculations determine the inventory at other times. The
inventory presented here is that for a selection of radionuclides expected in year 2045, at the time for
shut down of the last nuclear power plant according to Table 2-1 in the Spent fuel report.

3.1.1  Modelling

This section describes what data are needed, and in what modelling activities the data are to be used.

Defining the data need
The data encompass:

» The total inventory in activity per canister (Bg/canister) for an average canister, for the radio-
nuclides of the selected inventory.

» The total inventory in activity per canister (Bg/canister) for hypothetical canisters of average
varying burnup, for the radionuclides of the selected inventory.

» The inventory in activity per canister (Bq/canister) for hypothetical canisters of average varying
burnup, as distributed on the UO, pellet inventory’, construction material® inventory, crud inventory,
and control rod inventory.

* The half-lives, t, (yr), and specific activity (Bg/mol) for the radionuclides of the selected inventory.

If there are tabulated inventory data in the Spent fuel report that would take numerous pages to
reproduce, they could instead be properly referred to. In Section 2.2.1, the radionuclides of the selected
inventory are listed.

For radionuclide transport modelling, the inventory is needed in amount of substance per canister
(mol/canister). Therefore, the assessment team should at the end of this section give:

» The supplied inventories in amounts per canister (mol/canister).

> In this report the term UO, pellet also includes the small fraction of fuel that has (U,Pu)O2 pellets, ie MOX
pellets.

¢ The fuel cladding, the control rod cladding, and metal parts of the fuel assemblies.
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Modelling activities in which data will be used

In radionuclide transport modelling, the selected inventory is used for assessing the source term (see
the Radionuclide transport report). In the near-field modelling it is used as one of the bases for
calculating concentrations and quantities of radionuclides that can leave a breached canister. As the
inventory is constantly evolving due to radioactive decay, inventories at later times must be assessed.
This is done by standard methods using the Bateman equations.

3.1.2 Experience from SR-Site

This section briefly summarises experience from the SR-Site safety assessment, which may be of direct
consequence for the data qualification.

Modelling in SR-Site

For SR-Site, the radionuclide inventory in UO, pellets was calculated with the computer program
Origen-S in the Scale 5.1 package (Agrenius 2010) , while the inventory in construction materials
and crud was estimated from calculations with the computer programs IndAct and CrudAct
(Eriksson 2009).

Using these models, the total radionuclide inventory was estimated for the average age of the fuel
assemblies in the year 2045. For the radionuclide transport modelling, this inventory was recalculated
using the COMP23 program to the year 2070 which for SR-Site corresponded to repository closure.

Conditions for which data were used in SR-Site

In SR-Site, the total radionuclide inventory was based on the BWR (boiling water reactor), PWR
(pressurised water reactor) and a smaller number of MOX (Mixed-Oxide) fuel. The total inventory
was then used to estimate the inventory in an average canister. In addition, radionuclide inventories in
canisters with different possible fuel configurations were calculated. The canisters contained BWR,
PWR and MOX fuels of different burnup and decay time, i.e. time after final irradaition (Agrenius
2010). From these various fuel configurations, eight type canisters were selected (SR-Site Spent fuel
report SKB 2010e). The type canisters were used to illustrate variation in radionuclide inventory
between canisters.

Sensitivity to assessment results in SR-Site

In SR-Site, the inventories of Ra-226 and some of its decay parents in the 4n+2 decay chain (Th-230,
U-234, and U-238 were relevant) were of great consequence for the assessment results. However, the
assessment results were not sensitive to uncertainties in the U-238 inventory.

In the SR-Site shear load scenario, when an early canister failure cannot be ruled out, C-14 and Nb-94
dominated the radiological risk. However, compared to the regulatory limit the risks were small.

Alternative modelling in SR-Site

No alternative modelling with regard to the inventory was performed.

Correlations used in SR-Site modelling

Many of the radionuclides are correlated through decay chains. No other correlation with regard to the
inventory was used.

Identified limitations of the data used in SR-Site modelling

No major limitation of the inventory data used in SR-Site was identified.
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3.1.3 Use of data in the PSAR and SR-Site

For SR-Site, the data in the SR-Site Spent fuel report (SKB 2010¢) was obtained in dialogue with
the SR-Site team. There were remaining issues concerning the half-life of Ag-108m and Se-79 that
the SR-Site team was suggested to investigate further. 6 103 canisters were needed, as described

in the Spent fuel report. In the PSAR, this number has decreased to 5689 due to a change in the
prognosis for future operation of the nuclear reactors (Spent fuel report).

Fuel residues from research performed at Studsvik was, for SR-Site, estimated to generate about 25
special boxes that will be placed in PWR canisters (see Table 2.3 of the Spent fuel report), and the
contribution to the total inventory from these canisters was deemed to be negligible. For the PSAR,
this number is 37: 20 boxes for PWR canisters and 17 boxes for BWR canisters. In addition, special
containers have been developed for leaking fuel rods and taken into use. It is estimated to result in
33 special containers. Neither the final number nor the detailed radionuclide inventory of these boxes
and containers has been established for the PSAR and they are not part of the radionuclide inventory
presented in this report. However, their potential contribution to radiological risk based on available
data and assumption is estimated for the PSAR (Fuel and canister process report).

3.1.4 Sources of information and documentation of data qualification
Sources of information

For SR-Site, the only source of inventory data was the Spent fuel report, and data for the SR-Site
calculations were qualified there. For the PSAR, the only source of data for the radionuclide inven-
tory is the Spent fuel report (see Table 3-1). The scrutinising of lower level references is part of the
qualification process of that report and is not dealt with in this Data report.

Table 3-1. Main sources of information used in data qualification.

Spent fuel report, Anvant karnbransle att hantera i KBS-3 systemet, Svensk Karnbranslehantering AB.

Categorising data sets as qualified or supporting data

Table 3-2 shows the qualified data sets and a justification for the sorting of the items is given.

Table 3-2. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. Total inventory of the repository: Table D-2, Appendix D in Spent fuel report. None.

2. Inventory of canisters with varying average burn-up: Tables E-1 to E-6, Appendix E in
Spent fuel report.

3. Total number of canisters: 5689, Section 8.3 in Spent fuel report.

4. Radionuclide half-lives and specific activity: Table D-1, Appendix D in Spent fuel report.

1-4. Data delivered in Spent fuel report are qualified in that report in accordance with the SKB quality assurance
system. This qualification is found to be in compliance with the requirements of the Data report.

Excluded data previously considered as important

No such data has been excluded. However, the half-life for Se-79 is still being studied in the scientific
community and new data are successively being published.
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3.1.5 Conditions for which data are supplied

Conditions of importance for the radionuclide inventory are discussed in, for example, Section 5.1 in
Spent fuel report. In summary, from a repository perspective, the burnup is the fuel parameter that
has the largest impact on the radionuclide inventory. The burnup reflects the amount of nuclear fission
and neutron radiation that has occurred in the assembly, and thus the content of fission and activation
products and transuranium elements. High burnup leads to higher content of fission products and, due
to neutron capture, higher content of activation products and altered content of transuranium elements.
The burnup and total radionuclide inventory in the final repository will ultimately depend on the total
energy output from the nuclear power plants.

Except for the burnup, the radionuclide inventory is to some extent also affected by the irradiation and
power history of the assemblies. Also the fuel type (either uranium oxide fuel or mixed oxide fuel),
affects the inventory.

Part of the inventory will be in the construction materials of the fuel assemblies. When construction
material is exposed to neutron radiation in the reactor vessel, neutron capture will lead to formation
of activations products. The amount and composition of the construction materials, and the time that
the fuel assembly has been in the reactor, will determine the content of activation products in the
construction material. Radionuclides are also found as surface deposits (crud).

The canister specific inventory depends on the above mentioned issues, on the stored spent fuel type
(PWR, BWR or MOX), the number of assemblies, and whether they include control rods and inserts
such as start-up neutron sources, boron glass rods, and plugs.

3.1.6 Conceptual uncertainty

This section concerns existing spent fuel, as well as a prognosis of spent fuel that will be produced
in the coming years. The amount of spent fuel to be deposited in the repository is assumed to be in
accordance with the scenario for the future operation of the nuclear power plants (Section 5.2.1 of
Spent fuel report). There is conceptual uncertainty in this scenario that can only be handled through
sensitivity analysis. Other sources of uncertainty on the borderline of conceptual uncertainty/data
uncertainty are treated as data uncertainty.

3.1.7 Data uncertainty due to precision, bias, and representativity

At the time of closure of the final repository, the burnup, irradiation history, power history, and age
of the assemblies in each canister will be known. From this information the radionuclide inventory
of each individual canister can be calculated.

However, it is not possible to do this today. To handle uncertainties in the inventory of the individual
canisters, results from two approaches are propagated to the safety assessment modelling.

» In the first approach, the total inventory associated with the prognosis for future reactor operation
is divided by the estimated total number of canisters, to obtain the inventory of an average canister.

* The second approach is to assess the inventory of canisters containing BWR- and PWR fuel with
varying burnup. This approach facilitates comparisons between BWR- and PWR canisters as well
as the inventory ranges from low to high burnup. The major uncertainty concerns how representa-
tive the data obtained through this simplified approach are for the canisters to be deposited, since
in practice, canister will contain fuel elements with varying burnup. The rationale and uncertainty
connected with this approach is discussed in the Spent fuel report.

This section concerns data applicable for the prognosis for the future operation of nuclear reactors in
Sweden. The main source of deviations from this would be changes in the total energy output from
the nuclear power plants, which is treated as conceptual uncertainty. However, the consequence of
operating a reactor for one year longer is illustrated by the increase of total activity for all spent fuel
generated by the Swedish nuclear programme. For BWR, an extra year results in 0.3 % of the total
activity, while for PWR, this number is 0.8 % (see Table 5-5 in Spent fuel report).
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Inventory per average canister

In Table D-2 of Spent fuel report, the total inventory based on the number of assemblies for all
spent fuel generated by the Swedish nuclear programme, as well as 217 MOX assemblies irradiated
in Germany, is given. This total inventory is divided by the estimated total number of canisters, to
get the inventory per average canister. The estimated total number of canisters is 5 689 (of which
3982 are BWR canisters and 1707 PWR canisters) based on the Spent fuel report, No uncertainty
range based on this approach is specified. MOX fuel, fuel from Agesta and Fuel Assembly skeletons
will be placed in BWR- and PWR-canister depending on their design. These fuel types are included
the calculation of total number of canisters. Therefore they are also included in the calculation of the
total inventory. In addition to the listed fuel types, there will also be a few canisters with containers
with fuel residues and fuel with failed cladding. The exclusion of these low activity fuel types in the
calculation of the inventory per average canister is however conservative since they would decrease
the activity of the average canister. The risk contribution from these fuel types is instead calculated
separately, see the Radionuclide transport report.

Inventory in canisters with varying burnup

There is a large number of ways in which the assemblies can be combined in individual canisters.
However, variation is somewhat limited by a requirements that the decay power of any individual
canister, is not allowed to exceed 1700 W at the time of deposition. This has been employed in
encapsulation simulations estimating the number of canisters required. These simulations provide
a basis for estimates of how average burnup in the canisters, or canister burnup, may vary. The
distribution of BWR and PWR canister burnups are illustrated in Figure 3-1.
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Figure 3-1. Canister burnup according to the encapsulation simulation. This is based on the adopted scenario
for future operation of the nuclear power plants.
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¢ BWR Low (12 x 30 MWd/kgU) represents a canister with low average burnup of 30 MWd/kgU.
In the encapsulation simulation, these canisters are often filled with a set of fuel elements with a
low burnup and a set with high burnup. The inventory of BWR Low is however calculated assum-
ing 12 fuel elements with burnup 30 MWd/kgU.

e BWR Medium (12 x 40 MWd/kgU) represents a canister with medium average burnup of
40 MWd/kgU. Most of the BWR canisters will have an average burnup around this value (see
Figure 3-1), and in the encapsulation simulation the burnups of individual fuel elements are more
normally distributed around the average than the BWR Low canister.

* BWR High (12 x 50 MWd/kgU) represents a canister with average burnup of 50 MWd/kgU. The
highest average burnup for BWR-type canisters is 47.5 MWd/kgU. A canister with such a high
average burnup is likely to be filled mostly by high burnup fuel elements late in the encapsulation
process.

e PWR Low (4 x 35 MWd/kgU) represents a PWR canister with an average burnup of 35 MWd/
kgU, and is according to the encapsulation simulation likely to be filled by two fuel elements
with low burnup and two with high burnup.

e PWR Medium (4 x 45 MWd/kgU) represents a PWR canister with a medium average burnup of
45 MWd/kgU, and as for BWR Medium, one can expect a more normal distribution of the burnup
of individual fuel elements in this kind of canister.

 PWR High (4 x 55 MWd/kgU) represents a PWR canister with a high average burnup of
55 MWd/kgU. In the encapsulation simulation these kinds of canisters are produced late in the
encapsulation process and filled with a set of fuel elements with equal burnup.

In Appendix E (Tables E-1 to E-6) of Spent fuel report the inventories of the different canisters
listed above are given. For many important radionuclides, the inventory per canister is similar for the
different canisters. For some radionuclides, the activity is much higher in certain canisters than in
others. In Figure 3-2 Figure 3-1, the examples of I-129 and Nb-94 are shown. As can be seen, Nb-94
is predominantly associated with PWR canisters, while the activity of I-129 is similar for all canisters;
the variation is correlated with burnup.

The spread in all inventory data for the different canisters is shown in Figure 3-3 where the inventory
per canister is normalised to the inventory per average canister.
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Figure 3-2. Total I-129 and Nb-94 inventories in terms of activity per canister for the different canisters.
Data taken from Appendix D and E in Spent fuel report.
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Figure 3-3. Spread in data of inventory per canister, as normalised with the inventory per average canister.

All data taken from Appendix D and E in Spent fuel report.

As can be seen, for most of the radionuclides the spread of data is limited (within the same order

of magnitude) while for some radionuclides the spread is over one or more orders of magnitude.

In Tables E-1 to E-6 of Spent fuel report the inventories of low, medium and high burnup canisters

are distributed on different sources. These sources are the:

* Total (sum of all sources).

*  UO,-pellets (including the gap and grain boundary inventory, see Section 3.2).

e Construction material.
e Crud.

» Control rods (in case of PWR canisters).

Here a note is needed on the term UO,-pellets. When discussing the instant release fraction in
Section 3.2, a terminology is used where the UO, matrix inventory and gap and grain boundary inven-

tory are mutually exclusive. The source of both is, however, from the irradiated UO,-pellets. Therefore,
in the remaining of this report, we will use the term UO, pellet inventory for the inventory including

both the matrix and gap and grain boundary inventories.
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For most radionuclides, the UO, pellets is the dominating source, while for a few nuclides, other
sources dominate. Figure 3-4 shows the inventory for the BWR Medium and PWR Medium canisters,
as distributed among these sources. The sorting of the radionuclides is based on descending inventory
of the BWR Medium canister. As can be seen from Figure 3-4 only for a few nuclides the inventory
is significantly affected by the inventory of the construction material, crud, or control rods. The radio-
nuclides where the inventory of the construction material, crud, and control rods comprises more than
1 % of the total inventory are for BWR Medium: Ag-108m, C-14, CI-36, M0-93, Nb-93m, Nb-94,
Ni-59, Ni-63, Sn-121m, U-233, and Zr-93. For PWR Medium , the same radionuclides apply with the
addition of Cd-113m. For these radionuclides, uncertainty in the inventory estimate in the construc-
tion material, crud, and control rods may add to the total uncertainty. For the other radionuclides, the

total uncertainty depends on the uncertainty of the UO, pellet inventory.

3.1.8 Spatial and temporal variability of data
Spatial variability of data

As there is variability in the inventory of different canisters, there will be a spatial variability that
depends on where the canisters are deposited. If it is assumed that there is no trend in the canister
deposition locations, spatial variability may be discussed as data uncertainty. This is the approach

taken in this text.

Temporal variability of data

The temporal variability in data, due to decay, can be accounted for by decay chain modelling. The

inventory is given for year 2045.

3.1.9 Correlations

Radionuclides, as decay parents and daughters, are correlated through the decay chains.
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Figure 3-4. Inventory per canister of the BWR Medium and PWR Medium canisters, distributed among UQO,
pellets, construction material, crud, and control rods. All data from Appendix E in Spent fuel report.
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3.1.10 Result of data qualification

The inventory is given in two ways, either as the inventory per average canister or as the inventory
in canisters of different type (BWR or PWR) and burnup.

Inventory per average canister

The total inventory is given in Table D-2 in Spent fuel report. In Table 3-3 of the present report,
this inventory is reproduced, together with the activity per average canister. Based on the Spent fuel
report, the total number of canisters is 5 689. The data apply for the year 2045, which is the year the
last Swedish nuclear power plant is closed.

Table 3-3. Total activity for the repository, and activity in Bq per average canister. Total activity
data reproduced from Table D-2 of Spent fuel report. Activity per average canister based on
5689 canisters.

Nuclide Total activity Activity per average Nuclide Total activity Activity per average
of spent fuel (Bq) canister (Bg/canister) of spent fuel (Bq) canister (Bg/canister)
Ac-227 6.36x10° 1.12x10° Pa-231 1.08x 10" 1.89x%10°
Ag-108m 2.74x10" 4.81x10" Pa-233 1.66x10™ 2.92x10"
Am-241 1.56x10" 2.74x10" Pa-234m 1.36x10™ 2.39x10"
Am-242 3.85x10" 6.76x 10" Pb-210 3.84x10° 6.75x10*
Am-242m  3.86x10" 6.79%x10" Pd-107 6.63x10" 1.17x10"
Am-243 1.63x10" 2.86x10" Pu-238 1.31x10" 2.30x10™
C-14 6.57x10" 1.15x10" Pu-239 1.27x10" 2.23x10"
Cd-113m 1.81x10" 3.18x10™ Pu-240 2.69x10" 4.73x10"
CI-36 2.15x10" 3.79x10° Pu-241 1.03x10" 1.82x10%
Cm-242 3.18x10" 5.59x10" Pu-242 1.34x10" 2.35%10"
Cm-243 4.74x10" 8.33x10" Ra-226 1.29x10° 2.26x10°
Cm-244 6.45x 10" 1.13x10™ Se-79 3.83x10" 6.73x10°
Cm-245 2.13x10" 3.75x10" Sm-151 1.22x10" 2.15%x10"
Cm-246 5.52x10" 9.69x10° Sn-121m 4.75%x10" 8.34x10"
Cs-135 2.10x10" 3.70x10" Sn-126 2.93x10" 5.15%x 10"
Cs-137 2.51x10" 4.41x10" Sr-90 1.62x10" 2.85x10"
Eu-152 5.21x10™" 9.16x 10" Tc-99 7.09x10" 1.25x10%
H-3 4.43x10'" 7.78x10" Th-229 1.37x108 2.40x10*
Ho-166m 4.69%10" 8.24x10° Th-230 1.63x10" 2.87x107
1-129 1.47x10% 2.59x10° Th-232 2.34x10° 4.11x10"
Mo-93 1.65x10" 2.91x10° Th-234 1.36x10" 2.39x10"
Nb-93m 3.59x10" 6.32x10" U-233 5.55x10" 9.75x%10°
Nb-94 1.20x10" 2.11x10" U-234 5.36x 10" 9.42x10"
Ni-59 2.22x10" 3.91x10" U-235 4.49x10" 7.89x10°
Ni-63 2.36x10" 4.15x10" U-236 1.26x10" 2.22x10"
Np-237 1.66x10™ 2.92x10" U-237 2.48x10" 4.35%x10"
Np-238 1.74%x10" 3.06x%10° U-238 1.36x10™ 2.39x10"
Np-239 1.63x10' 2.86x10" Zr-93 1.04x10% 1.84x10"

Inventory in canisters of varying type and burnup

In the Spent fuel report, in Tables E-1 to E-6, the inventories of six different hypothetical canisters are
given in terms of activity per canister. The referenced table associated with each hypothetical canister
is given in Table 3-4. In addition to giving the total activity per canister, the activity is distributed
among different sources for each canister (cf Figure 3-4). The different sources are the UO, pellets,
the construction material, and the crud. In addition, in the case of PWR canister, inventory data for the
control rods are given. All data of the referenced tables are qualified.
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Table 3-4. Sources for where inventory data for hypothetical canisters of varying average burnup

are found.

Hypothetical Canister name

Short description

Table in the Spent fuel report

BWR Low

12 BWR assemblies
Burnup 30 MWd/kgU
Age 35 years

Table E-1

BWR Medium

12 BWR assemblies
Burnup 40 MWd/kgU
Age 35 years

Table E-2

BWR High

12 BWR assemblies
Burnup 50 MWd/kgU
Age 35 years

Table E-3

PWR Low

4 PWR assemblies
Burnup 35 MWd/kgU
Age 35 years

Table E-4

PWR Medium

4 PWR assemblies
Burnup 45 MWd/kgU
Age 35 years

Table E-5

PWR High

4 PWR assemblies
Burnup 55 MWd/kgU
Age 35 years

Table E-6

* HM = Heavy metal i.e. uranium and plutonium.

Half-lives and specific activity of radionuclides

The half-lives and specific activities in Table 3-5 are reproduced from Table D-1 of Spent fuel report.

There are ongoing investigations and discussions concerning the half-life of Se-79 in the scientific

community.

Table 3-5. Half-lives and specific activities of selected radionuclides. Data reproduced from
Table D-1 in Spent fuel report.

Nuclide Half-life Specific activity | Nuclide Half-life Specific activity
[years] [Bg/mol] [years] [Bg/mol]
Ac-227 21.8 6.06x10" Pa-231 3.28x10* 4.02x10"
Ag-108m 439 3.01x10" Pa-233 27.0 d) 1.78x10"
Am-241 433 3.05x10"™ Pa-234m 1.2 m) 6x10%
Am-242 16 h) 7.21x10" Pb-210 222 5.95x 10"
Am-242m 141 9.36x 10" Pd-107 6.50 x10° 2.03x10°
Am-243 7.37x10° 1.79%10" Pu-238 87.9 1.5x10"
C-14 5.71x10° 2.31x10" Pu-239 2.41x10* 5.48x10"
Cd-113m 14.1 9.36x10™ Pu-240 6.56 x 10° 2.01x10"
Cl-36 3.01x10° 4.39%10" Pu-241 14.3 9.23x10™
Cm-242 163 d) 295x10'" Pu-242 3.74x10° 3.53x10"
Cm-243 29.1 4.54x10" Ra-226 1.60x10° 8.25x 10"
Cm-244 18.2 7.25%x10™" Se-79 2.95x%10° 4.49x%10"
Cm-245 8.52x10° 1.55%x10" Sm-151 90.1 1.47x10"
Cm-246 4.77x10° 2.77x10" Sn-121m 43.9 3.01x10™
Cs-135 2.30x10° 5.74x10° Sn-126 2.30x10° 5.74x10"
Cs-137 30.1 4.39%x10™ Sr-90 28.8 4.58x10"
Eu-152 13.6 9.71x10™ Tc-99 2.11%x10° 6.26x 10"
H-3 12.3 1.07x10" Th-229 7.35x10° 1.8x10"
Ho-166m 1.20x10° 1.1x10" Th-230 7.55x%10* 1.75x10"
1-129 1.57x10" 8.41x10°8 Th-232 1.41x10% 9.36 x10°
Mo-93 4x10° 3.3x10% Th-234 241 d) 2x10"
Nb-93m 16.2 8.15x10" U-233 1.59x10° 8.3x10"
Nb-94 2.03x10* 6.5%x10" U-234 2.46x10° 5.37x10"
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Table 3-5. Continued.

Nuclide Half-life Specific activity | Nuclide Half-life Specific activity
[years] [Bqg/mol] [years] [Ba/mol]

Ni-59 7.60 x10* 1.74x10" U-235 7.04Ex10° 1.88x10"

Ni-63 101 1.31x10™ U-236 2.34x107 5.64x108

Np-237 2.15x%10° 6.14x10° U-237 6.7 d) 7.14x10"

Np-238 50.8 h) 2.28x10" U-238 4.47x10° 2.95x10°

Np-239 56.5 h) 2.05x10" Z-r93 1.53x%10° 8.63x10°

m) Minutes.

h) Hours.

d) Days.

3.1.11 Judgements by the assessment team
Sources of information and documentation of data qualification

The supplier suggests that the only source of information, the Spent fuel report, is qualified. The
assessment team agree.

Conditions for which data are supplied

The supplier has described different conditions in terms of fuel, burnup, etc. The way of handling these
different conditions is by defining a number of hypothetical canisters containing fuel of variable type
(BWR or PWR) and burnup. The assessment team agree with this handling.

Conceptual uncertainty

The main conceptual uncertainty identified by the supplier is uncertainty in the prognosis for future
operation of Swedish nuclear power plants. However, although the amount of spent fuel, and there-
fore also the total radionuclide inventory and the number of canisters needed, depends on the future
operation of the Swedish nuclear power plants, the average inventory of a canister is not particularly
sensitive to uncertainties in this prognosis.

Data uncertainty due to precision, bias, and representativity

The supplier has handled data uncertainty by giving the inventory of six different hypothetical canisters,
together with the inventory of an average canister. The inventories of these different canisters can be
used for estimating the spread in the inventory data of deposited canisters. The assessment team agree
with this handling.

Spatial and temporal variability of data

The supplier suggests that spatial variability can be treated as data uncertainty, in case the canisters
are deposited without a trend (i.e. random deposition). It is cautioned that the use of data on inventory
per average canister is restricted, if there is an uneven distribution of canisters with different average
burnup in the repository. The assessment team agree.

Correlations

The supplier has identified correlations in data through the decay chains, as well as a correlation
between half-life and specific activity. The assessment team agree.

Result of data qualification

The supplier has given total inventories for the average canister (Table 3-3), and references to tabulated
data for the six hypothetical canister inventories (Table 3-4). For the hypothetical canisters, the refer-
enced tables include the inventory distribution amongst the UQ, pellets, construction material, crud,
and control rods. The assessment team accept these data.
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The supplier has given half-lives and specific activities in Table 3-5. The assessment team accept the
data for all radionuclides except for Se-79. For this nuclide, the most recently published recommended
value for its half-life is recommended for use in the PSAR. For Se-79 the recommended half-life is
3.27x10° years (Singh 2016).

In addition to the radionuclides listed above the modelling activities require data for Rn-222. Recent
data for the nuclide is provided by Singh et al. (2011).

The publications by Singh (2016) and Singh et al. (2011) are sources to the data chosen in the IAEA
Chart of the Nuclides, which in turn base their selection on the ENSDF (Evaluated Nuclear Structure
Data File). ENSDF is an internationally used data base that contains recently evaluated experimental
data on the structure and decay of nuclei.

For radionuclide transport modelling, the inventory is needed in amount of substance per canister
[mol/canister], wherefore the assessment team has converted the supplied inventory data. This is
done by dividing the inventory in terms of activity per canister by the specific activity, for each
radionuclide.

3.1.12 Data recommended for use in modelling
Half-life and specific activity of radionuclides

All the data in Table 3-5, except for Se-79, are recommended for use in modelling. In addition, the
half-life and specific activity Rn-222 is relevant for radionuclide transport calculations, even if it is not
significant for the initial radionuclide inventory and therefore not included in Table 3-5. For Rn-222
and Se-79, the half-lives and specific activities in Table 3-6 are recommended for use in modelling.

Table 3-6. Half-lives of Rn-222 and Se-79, recommended for use in the PSAR.

Nuclide Half-life [years] Specific activity (Bq/mol)
Rn-222 1.05x10722 1.26x10"
Se-79 3.27x10°" 4.04x10"

a) (Singh et al. 2011).
b) (Singh 2016).

Inventory per average canister

The data in Table 3-7 are recommended for use in modelling. The data are produced by dividing the
activity per canister data in Table 3-3 with the specific activity of Table 3-5, for each radionuclide.
The suggested inventory is valid for year 2045.

To illustrate the total inventory of the selected radionuclides in the average canister, the data in
Table 3-7 are illustrated in Figure 3-5.
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Table 3-7. Inventory in mol per average canister at year 2045, recommended for use in the PSAR.
Based on the total number of 5689 canisters.

Radionuclide = Amount per average canister | Radionuclide = Amount per average canister
(mol/canister) (mol/canister)
Ac-227 1.85x107° Pa-231 4.71%x107°
Ag-108m 1.60x10™ Pa-233 1.64x107
Am-241 8.98 Pa-234m 3.98x107"
Am-242 9.37x10® Pb-210 1.13x107"°
Am-242m 7.25%x107 Pd-107 5.74
Am-243 1.60 Pu-238 1.53
C-14 4.99x1072 Pu-239 40.8
Cd-113m 3.40%x10™* Pu-240 23.5
CI-36 8.64x107 Pu-241 1.97
Cm-242 1.89x107° Pu-242 6.66
Cm-243 1.84x107° Ra-226 2.74x1078
Cm-244 1.56x10™" Se-79 1.67x10™
Cm-245 2.42x1072 Sm-151 1.47x10™
Cm-246 3.50x107 Sn-121m 2.77%x1073
Cs-135 6.45 Sn-126 8.97x10™
Cs-137 10.1 Sr-90 6.21
Eu-152 9.44x107° Tc-99 19.9
H-3 7.25x107 Th-229 1.34x107®
Ho-166m 7.49%x10™ Th-230 1.64x10™
1-129 3.08 Th-232 4.39%x107°
Mo-93 8.81x10™ Th-234 1.20x1077
Nb-93m 7.75%x1072 U-233 1.17x10™
Nb-94 3.25x10™" U-234 1.76
Ni-59 2.25 U-235 421
Ni-63 3.18x10™" U-236 39.3
Np-237 4.75 U-237 6.10x1078
Np-238 1.34x107° U-238 8.11x10"
Np-239 1.39x107° Zr-93 21.3
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Figure 3-5. Amount of substance of selected radionuclides in the average canister at year 2045.
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3.2 Instant release fraction and corrosion release fraction

The Instant Release Fraction /RF represents the fraction of the total radionuclide inventory that is
modelled to be instantly released to the interior of the canister, upon contact with water. While nuclides
embedded in the fuel matrix (including the higher actinides) will be released at the conversion rate
of the fuel matrix, a fraction of the nuclides located in the fuel-clad gap and grain boundaries will be
released more rapidly. On a safety assessment time scale this release is considered to occur instantane-
ously, as described in the Fuel and canister process report. In addition to gap and grain boundary
inventory, the inventory of the crud’ (a deposit on the outer surface of the cladding) is included in
the /RF. Also, for the particular case of C-14, part of the inventory in the fuel cladding is included in
the IRF.

The Corrosion Release Fraction CRF represents the inventory fraction that is modelled to be released
on a relatively short time scale, as a result of corrosion of construction material upon contact with
water. This corrosion is likely to take place over thousands of years after the canister is breached. The
construction material includes the fuel cladding, the control rod cladding, and metal parts of the fuel
assemblies.

The radionuclide inventory in the Ag-In-Cd alloy of the irradiated PWR control rods includes Ag-108m
and Cd-113m. Due to de-alloying, the Cd is expected to be released more rapidly than Ag. Therefore,
Cd-113m is included in the IRF, while Ag-108m is released at a separate, experimentally determined,
slow rate.

In order to estimate the /RF' and CRF, knowledge of the full radionuclide inventory is essential and
this is discussed in Section 3.1.

3.21 Modelling

This section describes what data are expected from the supplier, and in what modelling activities the
data are to be used. Furthermore, for this particular section it falls upon the customer (the assessment
team) to provide certain data.

Defining the data need

For each radionuclide of the selected inventory, the /RF represents the fraction of the radionuclide
inventory that is assumed to be instantly released. The /RF is in the interval 0 to 1, depending on
the characteristic of the nuclide. In case IRF = 0, the radionuclide is completely entrapped in the
UO, matrix and/or in the construction material, and will not be instantly released. In case IRF =1,
the entire inventory of the radionuclide is, or is pessimistically assumed to be, instantly released.
In case of 0 < [RF < 1, part of the radionuclide inventory is entrapped in the UO, matrix® and/or the
construction material, and part is instantly released. The /RF is generally calculated according to the
following equation:

IRF:(FGGBXIUO2)+]Crud 3-1

Tot

where [RF (-) is the instant release fraction, Fgs;5 (<) is called the gap and grain boundary fraction
and is the fraction of the UO, pellet inventory comprised of gap and grain boundary inventory, /0,
(mol/canister) is the inventory in the UO, pellets, /,,(mol/canister) is the crud inventory, and /7,
(mol/canister) is the total inventory of the canister. In the particular cases of C-14, and Cd-113m, an
additional term is needed in the numerator of Equation 3-1, stemming from assumed instant release
from the fuel cladding or from the Ag-In-Cd alloy of the control rods. The gap and grain boundary
fraction of some volatile radionuclides is correlated to the Fission Gas Release, FGR (-), while for
other radionuclides there is no evident correlation. For most nuclides of the selected inventory, the
gap and grain boundary inventory is negligible or non-existing.

7 Originally the abbreviation for Chalk River Unidentified Deposits.

8
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The terms Iy;, e, and Iz, of Equation 3-1 are delivered from the supplier as part of Section 3.1 and
in the Spent fuel report. For this present section the supplier should deliver the:

» Fission gas releases, F'GR (-), representative for BWR and PWR canisters.

The assessment team should deliver the:

» The gap and grain boundary fraction, Fs¢5 (-), either as correlated to FGR or based on leaching
data, representative for BWR and PWR canisters, and for an average canister.

» Instant release fraction, /RF (-), as calculated from Equation 3-1, representative for BWR and
PWR canisters, and for an average canister.

The average canister should be based the total inventory and total number of canisters as described
in Section 3.1 in this report.

For each radionuclide of the selected inventory, the CRF represents the fraction of the inventory
that is assumed to be released on a relatively short time scale, as result of corrosion of construction
material of the fuel assemblies. (The cast iron insert and the copper canister are not considered in this
section.) The CRF is defined to be in the interval 0 to 1, where the value 0 means that the nuclide does
not exist in the construction material and the value 1 means that the total inventory is entrapped in
the construction material. In case 0 < CRF < 1, part of the radionuclide inventory is entrapped in the
construction material, and part in the UO, matrix and/or the /RF. The CRF is calculated according to
the following equation:

CRF — [Constr.Mtrl + ICtrl.Rods 3

Tot

Where /¢y30+ (Mol/canister) is the inventory of the construction material excluding the control
rods, and /,;z.4, (Mol/canister) is the inventory of the steel cladding of the control rods, excluding
the Ag-In-Cd alloy inventory. These two inventories are given in the Spent fuel report. It should be
noted that control rods are only included in a fraction of the PWR canisters, since an estimated 586
PWR fuel assemblies of an estimated total of 6 793 will be encapsulated with a control rod cluster. In
the particular case of C-14, only part of the construction material inventory should be accounted for
when estimating the CRF, as part of it is assumed to be instantly released.

The assessment team should deliver the:

» Corrosion release fraction, CRF (-), as calculated from Equation 3-2, representative for BWR
and PWR canisters, and for an average canister.

* The corrosion time, ¢, (years) over which the construction material fully corrodes. This time
may be cautiously set as the minimum time over which full corrosion is possible to occur, or as
a distribution of possible corrosion times.

» A statement on whether the corrosion rate can be assumed to be uniform in time, or follows some
functional relationship.

The requested /RF and CRF data should be delivered with uncertainty estimates for all radionuclides
of the selected inventory (see Section 2.2.1), where applicable. These data are only significant for radio-
nuclides where release due to /RF and/or CRF is not overshadowed by release due to fuel conversion.

Modelling activities in which data will be used

The instant and corrosion release fractions are used in radionuclide transport modelling in the near-
field to calculate the release rates of radionuclides from the fuel and from breached canisters (see the

Radionuclide transport report). In the conceptual model used, it is assumed that the radionuclides
may either be released instantly, on a relatively short time scale, or slowly at the dissolutionrate of the
UO, matrix. The total /RF is pessimistically assumed to be released instantaneously to the intruding
water in the canister, in case there is no solubility limit. For radioelements that are solubility limited,
the total /RF is not dissolved instantly in the intruding water, but only that fraction that correpond to
the concentration at the solubility limit in the canister interior. Further release from the fuel is then
governed by the water flow in the canister. The CRF is assumed to be released relatively fast on a
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safety assessment time scale, but not instantaneously. This release is treated in a similar way as release
due to fuel conversion, although the time it takes for the construction material to fully corrode is much
shorter than the time it takes for the spent fuel to fully convert.

In case the corrosion release rate (mol/ year) is assumed to be uniform, it is calculated for each radio-
nuclide by taking the product of the CRF and the total inventory, and dividing it by the corrosion
time. For assessing the release rate of solutes to the intruding water, solubility limits need to be taken
into account.

The silver in the PWR control rods is expected to be released much slower than the other metals in
the construction materials due to dealloying effects. A slow, experimentally determined release rate
is therefore used in the modelling.

The conceptual model used in the PSAR differs from that used in SR-Site in the way that the silver
release rate is different than that from both CRF and IRF.

3.2.2 Experience from SR-Site

Some of the experience gained from previous work with the SR-Site safety assessment is useful for
the data qualification in this Data report. This is briefly summarised below.

Modelling in SR-Site

The modelling activities of SR-Site using the /RF differ from those in the PSAR in that Ag-108m was
assumed to be released with the IRF, and solubility limited (due to the inclusion of all silver in the cal-
culation). In an additional calculation (Evins 2013), the inhomogeneous distribution of the radioactive
silver in the silver alloy was taken into account, and it was estimated that this would increase dose and
risk from the Ag-108m with about a factor of 3. Due to the low peak dose from Ag-108m, the overall
assessment results still yields a dose that is more than two orders of magnitude below the risk limit.

Conditions for which data were used in SR-Site

The IRF data used in SR-Site were based on estimates of fission gas release of the BWR and PWR
assemblies of the December 2007 fuel inventory in Clab (SKB 2010e) and the leaching data presented
for individual radionuclides in the SR-Site Data report (SKB 2010a). For BWR and PWR spent fuel,
the average burnup was 40.4 MWd/kg U and 44.8 MWd/kg U, respectively. For both fuel types, the
maximum burnup was 60 MWd/kg U.

Sensitivity to assessment results in SR-Site

In SR-Site, two scenarios contributed to the estimated risk and were thus of particular importance:
one where canister failure occurs through shearing of the canister due to earthquakes, and one where
failure occurs through enhanced corrosion following loss of the bentonite buffer due to erosion. In
these scenarios, the actinide daughter Ra-226 dominated the risk at times of maximal mean annual
effective dose. For all actinides the /RF was in SR-Site assumed to be 0, based on conceptual under-
standing. For the central corrosion case, the IRF pulse is only included in deterministic calculations
since this pulse yields negligible contributions to the probabilistically calculated mean dose. The IRF
radionuclides with highest contribution to dose from the pulse release were 1-129 and Se-79 (SR-Site
Radionuclide transport report, SKB 2010c, p 63). The IRF radionuclides are also important in the
analysis of so called risk dilution, see Section 13.9.4 in SR-Site Main report (SKB 2011). Here, the
most important IRF contributors were 1-129, Se-79 and Tc-99.

The CRFs of a few nuclides play an important role especially in scenarios where the canister is
breached early. Of the two scenarios contributing to the calculated risk, early failures occurred only
in the shear load scenario. There, the mean annual effective dose is first dominated by the CRF of
C-14, and later by that of Nb-94, but their contribution to risk are very low compared to regulatory
limits (SR-Site Radionuclide transport report, SKB 2010c, p 119).
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Alternative modelling in SR-Site
No alternative modelling was performed in SR-Site, with regard to the /RF.

Correlations used in SR-Site modelling

In SR-Site, the instant release fractions of CI-36, Cs-135, Cs-137, 1-129 and Se-79 were correlated to
fission gas release. No other correlation was used.

Identified limitations of the data used in SR-Site modelling

In SR-Site the /RF was for some nuclides calculated from the FGR, while for other nuclides it was
based on leaching data, crud inventory or for a few nuclides, also parts of the inventory in the control
rods or construction materials. This approach is part theoretical, and in part based on experimental
results. Availability of experimental data was limited for many radionuclides.

In the SSM report (SSM 2018) it is observed that there are few available data for radionuclides that
form part of the IRF, and that more data for especially Se-79, Nb-94 and 1-129 would be beneficial
for a better estimate of the IRF.

3.2.3 Use of data in the PSAR and SR-Site

The instant release fraction, which is defined here as it was defined in SR-Site, is based on the gap
and grain boundary inventory and the crud inventory. The fuel cladding and/or the control rods are
other sources for the /RF of Ag-108m, C-14, and Cd-113m. The instant release fraction is released
instantaneously in radionuclide transport modelling and superimposed on the release due to fuel
conversion. If there are solubility limits, this inventory can however not be dissolved instantly.

Concerning the part of the /RF that originates from the crud, the following should be considered: fuel
conversion is postulated to take place at all times, upon contact with water. For most radionuclides of
concern for the current safety assessment, the crud inventory is insignificant compared to the inven-

tory in the UO, pellets. Thus, fuel dissolution will very quickly release much more of the radionuclide
than what is contained in the crud. Only nuclides where 10 years of fuel dissolution occurring with

a steady rate of 10”7 year ' (cf Section 3.3.12), will release less than the crud inventory, are deemed
significant for inclusion in the IRF. For Ag-108m, Mo0-93, Nb-93m, Nb-94, Ni-59, Ni-63, Sn-121m,
and Zr-9 the inventory of the crud outweighs the inventory of the fuel dissolved over ten years.

In this comparison, the inventories of the BWR and PWR hypothetical canisters of medium burnup
(cf Tables CE-2 -and E-2 in Spent fuel report) were used. The crud inventory of all other radionuclides
falls below the threshold where it is of any consequence for the post-closure safety of the repository,
and is therefore disregarded.

The corrosion release fraction originates from corroding construction material, which includes the steel
cladding of the control rods (excluding the Ag-In-Cd alloy), the zircaloy cladding, and other metal parts
of the fuel assemblies. To evaluate which nuclides have a significant CRF, the amount released from

the metals is compared to the amount released from 100 years of spent fuel dissolution occurring with
a steady rate of 10”7 year' (cf Section 3.3.12). For C-14, C1-36, M0-93, Nb-93m, Nb-94, Ni-59, Ni-63,
Se-79, Sn-121m, Tc-99, U-233, and Zr-93 the release due to corrosion of metallic parts outweighs the

release due to 100 years of fuel dissolution.

It is suggested that the CRF is set to zero for all other radionuclides.

3.2.4 Sources of information and documentation of data qualification

Both the supplier and customer provide data in this Data report. Therefore, it is noted whether the
referred documents are the supplier’s or the customer’s sources of information.
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Sources of information

For the supplier, the main source of information is the Spent fuel report, which provides inventories
and fission gas release data.

For the customer a number of documents are listed as main sources of information in Table 3-8. The
main source of information is the SR-Site Data report (SKB 2010a). In addition, information regarding
IRF is provided in later publications from the EU project First-Nuclides. The main sources are used to

estimate the /RF, CRF, and corrosion time.

Table 3-8. Main sources of information used in data qualification.

Spent fuel report, Anvant karnbransle att hantera i KBS-3-systemet. SKBdoc 1380282 ver 2.0, Svensk Karnbransle-
hantering AB.

SKB, 2010a. Data report for the safety assessment SR-Site. SKB TR-10-52, Svensk Karnbranslehantering AB.

Johnson L Giinther-Leopold |, Kobler Waldis J, Linder H P, Low J, Cui D, Ekeroth E Spahiu K, Evins L Z, 2012. Rapid
aqueous release of fission products from high burn-up LWR fuel: Experimental results and correlations with fission gas
release. Journal of Nuclear Materials 420, 54—62.

Kienzler B, Duro L, Lemmens K, Metz V, De Pablo J, Valls A, Wegen D H, Johnson L, Spahiu K, 2017. Summary of the
Euratom Collaborative Project FIRST-Nuclides and conclusions for the safety case. Nuclear Technology 198, 260-276.

Lemmens K, Gonzalez-Robles E, Kienzler B, Curti E, Serrano-Purroy D, Sureda R, Martinez-Torrents A, Roth O,
Slonszki E , Mennecart T, Glinther-Leopold |, Z. Hozer H, 2017. Instant release of fission products in leaching experi-
ments with high burnup nuclear fuels in the framework of the Euratom project FIRST- Nuclides. Journal of Nuclear
Materials 484, 307-323.

Categorising data sets as qualified or supporting data

Different data sets used can be categorised as qualified or supporting. This is done in Table 3-9.
In Table 3-10 justifications for the sorting are given.

Table 3-9. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. Spent fuel report, Anvant karnbransle att hantera i KBS-3-systemet.
SKBdoc 1380282 v. 2.0. Svensk Karnbranslehantering AB, Tables D-2
and E-1 to E-6.: Inventory data for the total repository and in hypothetical
canisters with fuel of varying burnup. Inventory data is distributed on the
sources UO, matrix, construction material, crud, and control rods. Average
FGR data, with uncertainty estimates, for BWR assemblies and PWR
assemblies are given here.

2. SR-Site Data report Section 3.2.10: IRF for radionuclides correlated to
fission gas release; IRF for radionuclides based on leaching data; IRF of
radionuclides that require special treatment; CRF for nuclides that mainly
originate from activation of construction materials; Corrosion time for the
construction materials.

3. Johnson et al. 2012: Instant release of I-129, Cs-137 and Se-79 from
high-burnup fuels and correlation to fission gas release.

4. Lemmens et al. 2017: Instant release of 1-129 and Cs-137 from medium
to high-burnup fuels and correlation to fission gas release and linear
power rating.

5. Kienzler et al. 2017: Instant release of Sr-90, Tc-99, 1-129, Cs-137
(Figure 7) from medium to high-burnup fuels and correlation to fission
gas release.

Iltem number 1 are data sets provided by the supplier while the rest are data sets provided by the customer.
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Table 3-10. Justifications to the sorting of items in Table 3-9.

1. Data provided in the Spent fuel report are qualified in accordance with the SKB quality assurance system. This
qualification is found to be in compliance with the demands of this Data report.

2. Data provided in the SR-Site Data report (SKB 2010a) are qualified in accordance with the SKB quality assurance
system and were selected and qualified during the SR-Site safety assessment.

3-5. (Johnson et al. 2012, Lemmens et al. 2017, Kienzler et al. 2017) are peer-reviewed scientific journal articles
and the data presented are considered to be qualified.

3.2.5 Conditions for which data are supplied

The data are applicable to reactor operations used in the past as well as foreseen future operations in
accordance with the scenario presented in the Spent fuel report. The data are applicable for year 2045.

For estimating the corrosion time, the conditions in the breached canister are needed. One could expect
elevated temperatures in case the canister is breached relatively early. However, in the more likely case
of late canister breach, the temperature should resemble that of the host rock. The groundwater compo-
sitions should correspond with those given in Chapter 6. However, it is assumed that the corrosion of
the cast iron insert and construction materials will assure anoxic conditions in the canister. Information
on the parts comprising the construction material is given in the Spent fuel report.

3.2.6 Conceptual uncertainty

The data of this section, which are used as input to radionuclide transport modelling, are consistent
with the needs of the present modelling approach. However, as there is a large portion of pessimism
included when estimating the data, they are not intended to in detail represent the conceptual view

on these issues.

Instant release fraction, IRF

The radionuclide transport modelling approach concerning the /RF is pessimistic in assuming that
the /RF is released instantaneously. In reality, the release of this fraction of the inventory is likely to
occur during a more or less prolonged time period. In addition to the gap and grain boundary inven-
tory, the IRF includes the crud inventory. The properties of crud are largely unknown, consequently
instantaneous release is assumed. All in all, the conceptual uncertainties associated with the /RF are
handled by pessimistically assuming instantaneous release, which may lead to an overestimation of
the initial release rate.

Corrosion release fraction, CRF

Conceptual uncertainties associated with the CRF include the questions whether all construction
material becomes fully corroded during the repository evolution, and whether corroded construction
material releases its entire radionuclide inventory. Concerning the latter issue it is conceivable that the
corrosion products may sorb or otherwise immobilise a fraction of the corrosion released nuclides.
This uncertainty is handled by cautiously assuming that the full inventory of the construction material
is released to the surrounding water during the corrosion time. This simplified conceptualisation may
lead to an overestimation of the corrosion release rate.

Corrosion time, t.,,,

Conceptual uncertainties associated with the corrosion time include the questions of:
» At what rates do different parts of the construction material corrode?

* What is the range of conceivable conditions in the canister?

*  Will the corrosion itself increase the corrosion time, as corrosion products may pose a transport
resistance for the corrodants?

*  How does one assess a corrosion time from a great number of different corrosion rates and
geometries?
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The approach taken in the PSAR is to pessimistically assume that all parts corrode at the same rate as
the fastest corroding material, which is stainless steel. Furthermore, all parts are assumed to be fully
corroded at the time the thinnest part has corroded. This has two consequences. The first is that the
release rates from thick metallic parts become unrealistically high. The second is that the release rate
from relatively slowly corroding alloys becomes unrealistically high. It is important to notice that this is
due to the pessimistic modelling approach taken, and not a consequence of the conceptual view. Other
uncertainty, such as the corrosion rate at the conditions in the canister, is treated as data uncertainty. In
the PSAR, the release rate of Ag-108m from the silver alloy in the PWR control rods deviates from the
assumed release rate of the CRF of other metallic construction parts. Since silver is a noble metal, and
corrosion would only be relevant in conditions with oxygen or sulphur available for electron transfer,
it is conceptually sound to assume a lower release than the rest of the CRF. Nevertheless, the approach
taken in the PSAR, with a defined, albeit low, corrosion rate for silver, involves uncertainties regarding
the corrosion behaviour of the Ag-In-Cd alloy under repository conditions.

Fission gas release, FGR

The calculated fission gas release is used to estimate the /RF for some of the radionuclides. The FGR
values are results of first principles calculations based on best available input data, such as diffusion
data of fission gases. Such calculations are currently being performed and validated for the utilities
in order to ensure that fuel failure will not occur and that the reactors can be operated safely. The
calculations show a large span of fission gas releases for different fuel rods in the core. Even though
there is a conceptual element in how to handle such a large span of F'GR in safety assessment, this is
treated as data uncertainty.

Gap and grain boundary fraction, Fsss

A main conceptual uncertainty in determining the /RF for some nuclides lies in establishing a relation-
ship between the /RF and FGR, via the Fg5. The Fggp relates to the segregation of fractions of certain
radionuclides in the fuel, during operation, to the fuel-clad gap and grain boundaries. The concept of

a gap and grain boundary fraction that is instantly released is based on the transfer of certain radio-
nuclides to parts of the fuel from where they can be released much faster than through fuel conversion
or dissolution. For the fuel-clad gap there is no significant uncertainty. However, an element of this
uncertainty lies in establishing which part of the spent fuel is easily accessible to water, thus enabling
instant releases of the radionuclides. There are also questions on how to handle the rim of the spent fuel
pellet, as discussed below.

It has been discussed (see e.g. (Johnson et al. 2004, 2005, Ferry et al. 2008)) whether the radionuclide
inventory in the rim of the irradiated fuel pellet should be included in the gap and grain boundary
inventory. Experimental studies, however, have not shown any preferential release from the rim region
(Clarens et al. 2008). In fact several studies have shown that the releases do not increase with burnup,
i.e., within the accuracy of the experiments there is no evidence for an increasing contribution from the
fuel rim (Jégou et al. 2004, Ekeroth et al. 2009, Hanson 2008). In this section, the estimations of Fg
include the gap and grain boundary inventory but do not involve the rim inventory.

For the grain boundaries it is uncertain to what degree they are accessible to water. Furthermore,
the radionuclides associated with the grain boundary inventory is mainly found as insoluble metallic
alloy aggregates and is therefore not likely to be instantly released to water (Ramebéck et al. 2000,
Cui et al. 2004).

3.2.7 Data uncertainty due to precision, bias, and representativity

Generally the resolution in the data does not allow for separating what part of the data uncertainty

relates to precision, bias, and representativity. Data concerning the inventories of the different hypo-
thetical canisters of variable average burnup are discussed in Section 3.1, where also an uncertainty

discussion is given.

Agesta fuel, Swap MOX and Fuel assembly skeletons are part of the total inventory and therefore also
part of the calculation of the average canister inventory. These fuel types are not expected to affect the
FGR, CRF and corrosion data uncertainty discussed here. Boxes with fuel residues and failed fuel are
treated separately, se Section 3.1.7.
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Fission gas release, FGR

This Data report presents FGR estimations for the average canister, based on the existing and estimated
future BWR and PWR inventories of the scenario for nuclear power plant operation adopted by SKB
that also includes high burnup fuel. Data from high burnup fuel are now available for both BWR and
PWR fuel (Johnson et al. 2012, Kienzler et al. 2017, Lemmens et al. 2017).

Fission gas releases were calculated for both PWR and BWR fuel with burnup up to 60 MWd/kgU.
Complete data sets including uncertainties are accounted for by Oldberg (2009) for the BWR cases
and by Nordstrom (2009) for the PWR cases. The results of those calculations are used by Agrenius
(2010) to calculate an average FGR for the BWR and PWR inventories used in SR-Site. The resulting
data, with uncertainties, are representative also for the current spent fuel inventory relevant for the
PSAR. These numbers, including uncertainties, are thus used in the estimations of /RF performed by
the customer. Details regarding FGR calculations are given in the SR-Site data report.

In the SR-Site Data report the F'GR is given as following (arithmetic mean + one standard deviation):
* For spent BWR fuel: 0.019 = 0.011
» For spent PWR fuel: 0.043 £ 0.031

These estimations are the results of the calculations by Agrenius (2010) in which data from all the
cases presented by Nordstrom (2009) and Oldberg (2009) are used.

The fission gas release of a fuel pin depends on the location of the fuel pin in the reactor core. This is
reflected in a wide span of data from the whole core. Furthermore, the FGR depends on the burnup
and linear power rating (Kienzler et al. 2017, Lemmens et al. 2017). The estimated FGR averages
given above take this into account, thereby assuring the representativity of the data.

Gap and grain boundary fraction, Fgcg

The leaching data available in the literature have been used to estimate the gap and grain boundary
fraction of relevant nuclides (SR-Site Data report and references therein). The leaching data indicate
variable correlation between F;;; and FGR for different radionuclides. For some nuclides, no correla-
tion at all could be seen and for these, the Fsg;p is directly estimated from available leaching data or
from conceptual understanding.

A few radionuclides of the selected inventory are considered to be mobile in the fuel, in a similar way
as the fission gases during reactor operation (high temperature). These are 1-129, Cs-135, Cs-137,
Ag-108m, and Cd-113m. Existing leaching data for iodine and caesium indicate that the FGR consti-
tutes an upper limit for Fgp (Kienzler et al. 2017, Lemmens et al. 2017); for caesium in particular,
correlations of FGR versus Fg; have been shown to be ca 3:1 (Johnson et al. 2012). Thus, for these
radionuclides, a 1:1 correlation is used as a bounding case in safety assessment. There is no fuel leach-
ing data for Ag-108m and Cd-113m; however, their physical and chemical properties have been utilised
in model calculations to show that they are likely to transfer to the fuel-clad gap in a similar way as

I and Cs (Cubicciotti and Sanecki 1978, Johnson and Tait 1997). In PWR canisters containing control
rods, the significant sources for Ag-108m and Cd-113m are the control rods; consequently the gap and
grain boundary fraction is negligible in comparison. Nevertheless, for the average canister, it is relevant
to consider this fraction.

At the time of the SR-Site safety assessment, the existing leaching data for Se-79 was limited to failed
attempts to measure Se-79 in solutions (Wilson 1990a, b), which resulted in the conclusion that the
amount leached was less than the detection limit for the method used. This suggests that there is no real
evidence for Se-79 segregation to the gap at low to moderate burnup. The dearth of information regard-
ing the behaviour of Se-79 advocates comparisons with other, chemically similar elements. Based on
the observation of Te in the fuel-clad gap of a fuel with FGR of 10-13 % (Cubicciotti and Sanecki
1978), one may suggest that Se-79 could also be somewhat mobile in the fuel at high temperatures.
The available data (Wilson 1990a, b) indicate that Se release is less than 0.15 times FGR, and the
correlation Fgz = 0.15-FGR is cautiously adopted here. The data uncertainty regarding Fs5 (and IRF)
for Se-79 is thus related to the uncertainty in the FGR values used in the correlation, as well as the
fact that the correlation factor 0.15 is based on the upper limit of leached Se-79 given by the detection
limit of Wilson (1990a). Later efforts to improve the knowledge and data base for Se-79 have been
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produced varying and to some extent discrepant results (Johnson et al. 2012, Curti et al. 2015, Kienzler
et al. 2017). Curti et al. (2015) indicates that selenium Se-79 is stabilized to sparingly soluble Se(-1I) in
the spent fuel matrix. Further investigations concerning the gap and grain boundary inventory of Se is
warranted. In light of this, for the PSAR the previously adopted method of estimating the Fg5 is kept.

Two radionuclides are considered to be more mobile than the fission gas in the fuel matrix. The first is
H-3, which is formed in the fuel but where the full inventory is expelled from the fuel matrix during
reactor operation and found in the surrounding material (fuel-clad gap and cladding). The second most
mobile radionuclide is CI-36, which is expected to be very mobile in the fuel matrix (Pipon et al. 2007).
There are no leaching data for CI-36 release from light water reactor fuels. The estimates of the Fis5
are therefore based on the CANDU fuel data of Tait et al. (1997). A best available estimate (Tait et al.
1997) indicates a three-to-one correlation between the F;; and FGR for C1-36.

For radionuclides where available data indicate a one-to-one correlation between FGR and F;gp, the

values and uncertainties in the corresponding FGR are adopted. For CI-36 and Se-79, the values and

uncertainties are multiplied by a factor of three and 0.15, respectively. There is also uncertainty in the

correlation factor through which the Fz and FGR are correlated. However, this uncertainty is judged
to be small in comparison to the spread in the FGR and is not propagated.

For a number of the concerned radionuclides there is no scientific evidence for a correlation between
the gap and grain boundary fraction and the FGR. These radionuclides are C-14, Sr-90, Tc-99, Pd-107,
Sn-121m, and Sn-126. For these radionuclides, leaching data available in the literature have been
consulted. Leaching data published after the SR-Site assessment (Johnson et al. 2012, Lemmens et al.
2017, Kienzler et al. 2017) indicate approximately the same values as was used in SR-Site (SR-Site
Data report ) and do not warrant any change from the previous values recommended for use in SR-Site.
The reader is therefore referred to SR-Site Data report for details regarding the leaching data for these
nuclides. Best estimate values for IRF of these nuclides together with and upper and lower estimates
of the distributions are provided in Section 3.2.

Instant release fraction, IRF

The sources of the /RF are the gap and grain boundary inventory, crud and, in the case of C-14, the
fuel cladding. In addition, for PWR canisters Cd-113m inventory of the control rods is pessimistically
assumed to be instantly released.

While Fgg; is the fraction of the UO, pellet inventory [, that is comprised of gap and grain boundary
inventory, the /RF is the fraction of the total inventory /7, that is instantly released (cf Equation 3-1).
Therefore, for nuclides where part of the inventory is in the construction material and/or crud, IRF
values will not be the same as the F;; values.

For C1-36, Cs-135, Cs-137, 1-129, Pd-107, Se-79, Sn-126, Sr-90, and Tc-99, the gap and grain
boundary inventory is the only significant source of the /RF:

For CI-36, Cs-135, Cs-137, 1-129, and Se-79 the I,/I1, ratio is close to unity (> 97 %); consequently
the values and uncertainties of the Fsp are adopted. For these nuclides, the values and uncertainties
of the Fsgp are in turn adopted from those of the FGR.

FGR values are only suggested for BWR and PWR fuel by Agrenius (2010), but not for the average
canister. If combining two populations, and if having their means and variances, the mean and standard
deviation of the combined population can be calculated:

Nyu,+N
Ly = My T Ny Hy 3.3
N, +N,
o - Nylo? +ﬂ§)+Ny(6§+ﬂ§)_ﬂz 4
A N, +N, o
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where Ly and 6y,” are the mean and variance of the new distribution, py and py and 6,” and o,” are the
means and variances of the distributions to be combined. Furthermore, Ny and Ny are the number of
data points in the populations to be combined (that is 3982 BWR canisters and 1707 PWR canisters).

If using p=0.019 and 6 = 0.011 for BWR canisters and p = 0.043 and ¢ = 0.031 for PWR canisters,
the /RF for the average canister becomes distributed according to p = 0.026 and ¢ = 0.022. These

values correspond to the data uncertainty for the /RF of Cs-135, Cs-137, and 1-129. For Cl-36 these
numbers are multiplied by a factor of three, and for Se-79, they are multiplied with a factor of 0.15.

For Pd-107, Sn-126, Sr-90, and Tc-99 the /y,/I7, ratio is close to unity (> 99 %). The data and uncer-
tainty estimate for the Fsgp, is adopted for these nuclides. As the F; is estimated based on leaching
data, the uncertainty estimates are given as a range and a best estimate value. In the background sources
(e.g. Werme et al. 2004), triangular distributions in the normal space were assigned based on the range
and best estimate value. However, from a risk analysis perspective it may not be optimal to use an
asymmetric triangular distribution (unless this is expressly warranted). In this text we assume that the
best estimate value is set in such manner that it is of equal probability (50 %) that the “true” value

is above as below this best estimate value. Therefore, we recommend the double triangle distribution
(e.g. AACE 2008). The double triangle distribution is illustrated in Figure 3-6.

The resolution in data from the background sources does not allow for assigning different data sets
or distribution to different fuel types or canister types for these nuclides.

For Mo-93, Nb-93m, Nb-94, Ni-59, Ni-63, and Zr-93, the crud inventory is the only source of /RF:

For these nuclides, the Best Estimate for the /RF' of the average canister is estimated by weighting
the /RFs of the BWR and PWR fuel elements by the number of each fuel element according to:

ZN ICrud,i
i l IToti 3-5
IRF = —————"" -

W,

i

Where /¢, I, and N; are the crud inventory, total inventory, and number of fuel elements for the

BWR and PWR elements, respectively. The uncertainty range of the /RF is here constrained by the
highest and lowest /RF values of fuel elements of low and high burnup. For BWR, the low burnup is

set to 30 MWd/kgU and the high burnup is set to 50 MWd/kgU. For PWR, corresponding burnups
are 35 and 55 MWd/kgU. However, in doing so care must be taken when assigning distributions to
the data, so that the approach does not give rise to risk dilution. This is achieved by recommending
the double triangular distribution.

For a few nuclides, Ag-108m, C-14, Cd-113m, H-3, and Sn-121m, individual treatment is required.

Probability

50 % 50 %
Value

Figure 3-6. Illustration of the double triangular distribution, where the integral of each triangle holds
50 % probability.
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The inventory of Ag-108m differs dramatically between BWR and PWR canisters, where only a
minute fraction (~ 107) is associated with BWR canisters. For PWR canisters, practically all Ag-108m
is located in the Ag-In-Cd alloy of the control rods. Available unpublished in-reactor data indicate a
potential de-alloying and release of In and Cd. The Cd-content of the control rods is therefore pessimis-
tically assumed to be released instantaneously and, as a result, the recommended /RF for PWR fuel for
this nuclide is one. In BWR fuel, Cd-113m exists only in the UO, fuel pellets, and the gap and grain
boundary fraction is assumed to have a one-to-one correlation with the FGR.

Published Data are now available showing very slow release of Ag-108m from irradiated control rods
(Askeljung et al. 2019). This fraction is therefore not included in the IRF but rather released with a
slow rate (see next section on Corrosion Release Fraction). For BWR fuel, crud contains ca half of the
total Ag-108m inventory is assumed to be the Ag-108m inventory (cf Table D-2 in Spent fuel report).
The contribution from the gap and grain boundary inventory is on the order of one percent and is
added. A recommended IRF is still provided in Table 3-11.

For C-14, the IRF fraction is based both on the fraction found in the gap and grain boundaries (Fg3z)
and the inventory found in oxidized cladding of the fuel rods. For SR-Site the assumed Fgz Was
10 % and 20 % if the ¢, ga0--(SKB 2010a) The same fractions are adopted here for the PSAR. The
recommended /RF (Fgsp) for the average canister is calculated by weighted average of IRF in BWR
and PWR fuel and is reported in Table 3-11.

For H-3, almost the entire inventory originates from the fuel matrix. As the mobility of H-3 is so high,
the full inventory is expelled from the fuel matrix and may therefore be instantly released. Therefore,
for the average canister, the /RF is set to one.

For Sn-121m, the /RF stems both from the gap and grain boundary inventory and the crud inventory.
Thus the Fsgzand ¢, from BWR and PWR fuels are calculated, and the weighted average of the
BWR and PWR fuels is used to calculate the recommended best estimate IRF for the average canister.
The range of data is limited by the upper and lower estimates, that are calculated similarly but with low
and high burnup fuels. The recommended distribution is that of a double triangle, and the values are
provided in Table 3-11.

Corrosion release fraction, CRF

Based on the reasoning in Section 3.2.3, the CRF is only meaningful for C-14, C1-36, M0-93, Nb-93m,
Nb-94, Ni-59, Ni-63, Se-79, Sn-121m, Tc-99, U-233, and Zr-93.

In addition, for the PSAR, Ag-108m is assumed to be part of the CRF rather than the IRF, due to new
experimental data.

By using Equation 3-5, but exchanging /¢,..q o1 Iconsmams T Leuiroas> the weighted average of the CRF for
BWR and PWR fuels is obtained. This value is recommended as best estimate for the average canister.
The here assumed uncertainty range is contained by the highest and lowest CRF of all fuels with low
and high burnup. These CRFs gives the upper and lower limit of the suggested double triangle distribu-
tion for each radionuclide. Regarding Nb-93m and Nb-94, ca 97 % of the inventory is found in PWR
fuel, where the CRF fraction is 100 %. In the BWR fuel, the lower limit is close to 80 % ; this is the
lower limit used for the distribution.

The main source of Ag-108m is the PWR Control rods. In SR-Site, all silver in the control rods was
assumed to be released instantaneously (SKB 2010a). This handling was based on lack of experimental
data, and was during the review of SR-Site considered questionable. By assuming instant release of all
silver, radioactive and stable, the solubility limit for silver was reached, resulting in a reduced release
rate of Ag-108m from the canister. Additional information was requested in which it was shown that
even if the radionuclide is found only in a 1 mm thick surface layer of the silver alloy, the dose and risk
posed by the corrosion of the alloy would only increase by a factor of 3 (Evins 2013). In PSAR, the
Ag-108m is modelled to be part of the CRF, however, with a slower rate than the rest of the CRF (see
next section).
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Corrosion time, t,,,

For the PSAR, recommended corrosion time for construction materials containing the CRF have
not changed since SR-Site. Thus, for the corrosion time, a triangular distribution is suggested in the
log,,-space with the lower, best estimate, and upper values of 10%, 10°, and 10* years, respectively
(SKB 2010a).

For the corrosion time, a triangular distribution is suggested in the log,,-space with the lower, best
estimate, and upper values of 10%, 10°, and 10* years, respectively.

Corrosion time is assumed to be different for silver in the PWR control rods. Based on new experi-
mental data, the best estimate of the corrosion time is 5.9 x 107 years (Askeljung et al. 2019). The
recommended distribution is triangular in the log,,-space ranging from 5.9 x 10® to 5.9 x 10° years.

3.2.8 Spatial and temporal variability of data
Spatial variability of data

The IRF and CRF of each canister depend on the spent fuel type, and on other factors, such as
whether the canister contains control rods or not. In the PSAR, the variability is estimated by use
of low, medium and high burnup fuels in BWR and PWR canisters (Appendix E in the Spent fuel
report). From these data one can assess the variability in the /RF and CRF for each radionuclide.
However, as there is presently no strategy on how the canisters will be placed in the repository, this
variability is treated as data uncertainty.

Furthermore, by taking a pessimistic approach in estimating the corrosion time, potential spatial
variability is dwarfed by the pessimism.

Temporal variability of data

There is no temporal variability of the /RF and CRF data of interest for safety assessment.

For the radionuclide transport modelling, the corrosion rate of the construction material is suggested to
be uniform over time within a canister, although different canisters may have different corrosion times.

This is a simplification where one disregards the fact that corrosion products may pose a transport
resistance for corrodants on their way towards the corrosion surface.

3.2.9 Correlations

As discussed in Section 3.1, the radionuclides are correlated through decay chains. As discussed in
this section, the /RF is assumed to correlate with the FGR and/or F;g; for a few nuclides. Functional
relations concerning the parameters of this section are given in Equations 3-1, 3-2, and 3-5.

In terms of the data used as input to probabilistic radionuclide transport modelling, the IRF of CI-36,
Cs-135, Cs-137, 1-129, and Se-79 should be correlated. The /RF of all other radionuclides could be
kept uncorrelated. The CRF's of the different radionuclides do not need to correlate to each other.

3.2.10 Result of data qualification
The IRF is given for the following radionuclides:

e Cl-36, Cs-135, Cs-137, 1-129, and Se-79,

e Pd-107, Sn-126, Sr-90, and Tc-99,

* Mo-93, Nb-93m, Nb-94, Ni-59, Ni-63, and Zr-93,
e Ag-108m, C-14, Cd-113m, H-3, and Sn-121m.

The bullet list above represents four different categories. The first category features radionuclides for
which the /RF is equal to the F;s5, which is for these radionuclides, assumed to be correlated to the
fission gas release. For the radionuclides of the second bullet the /RF is also based on the Fs¢5, but
without correlation to F'GR; instead, experimental data from leaching experiments are used to establish
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the Fsgp. For the third bullet, the /RF is solely based on the crud inventory. For the fourth bullet, the
IRF is based both on the F5, on the crud inventory, and part of the inventory of the construction
material and control rods, as specified for the particular cases.

The CRF is given for the following radionuclides:

* Ag-108m, C-14, C1-36, M0-93, Nb-93m, Nb-94, Ni-59, Ni-63, Se-79, Sn-121m, Tc-99, U-233,
and Zr-93.

For more detailed discussions and justifications of data and uncertainty ranges, please turn to
Section 3.2.7.

IRF: CI-36, Cs-135, Cs-137, 1-129, and Se-79

As discussed above, the /IRF of CI-36, Cs-135, Cs-137, 1-129, and Se-79 is equal to the F;s3, which
in turn correlates to the FGR. The FGR values for BWR and PWR canisters, and the average canister,
have been estimated to:

» For spent BWR fuel: p=0.019, 6 =0.011.
* For spent PWR fuel: p=10.043, 6 =0.031.

For the average canister: u = 0.026, ¢ = 0.022.

e For Cs-135, Cs-137, and 1-129 a one-to-one correlation with FGR is recommended, while for
Cl1-36 a three-to-one correlation is recommended.

e For Se-79, the IRF is assumed to be 0.15 times the FGR.

The resulting recommended IRFs for these nuclides are presented in Table 3-11.

IRF: Pd-107, Sn-126, Sr-90, and Tc-99

The recommended /RF for Sn-126 is the same as in SR-Site (SKB 2010a). It is suggested to use the
double triangle distribution in the normal space and for each radionuclide; lower, upper, and best
estimate values are supplied in Table 3-11.

IRF: Mo-93, Nb-93m, Nb-94, Ni-59, Ni-63, and Zr-93

For these radionuclides the only source of the /RF is the crud inventory. The recommended data are
based upon inventory data in Appendix D and E of Spent fuel report. Double triangle distributions
in the normal space with lower, best estimate, and upper values are recommended for the Average
canister, see Table 3-11.

IRF: Ag-108m, C-14, Cd-113m, H-3, and Sn-121m

These nuclides require special treatment, as discussed in detail in Section 3.2.7. In short, the /RF

of Ag-108m for BWR canisters originates from the crud and gap and grain boundary inventory while
in the PWR fuel assembly, Ag-108m from the control rods dominates the inventory. For Cd-113m the
situation is similar, with the exception that it is not found in the BWR crud inventory. For C-14, the
IRF originates both from the UO, pellet and from the cladding. H-3 is so mobile in the fuel matrix that
the /RF is considered to be unity on conceptual grounds. Finally, Sn-121m is found both in the gap
and grain boundary inventory and in the crud.

Depending on the nuclide, different distributions are recommended for the average canister. For
Cd-113m, a single point value is recommended. The same applies for H-3. For the other discussed
nuclides, the double triangle distributions in the normal space with lower, best estimate, and upper
values are recommended. The recommended data for the average canister are presented in Table 3-11.
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Table 3-11. Recommended IRFs.

Radionuclide V] z Distribution

Cl-36 0.078 0.066 Normal

Cs-137 0.026 0.022 Normal

Cs-137 0.026 0.022 Normal

1-129 0.026 0.022 Normal

Se-79 0.0039 0.0033 Normal

Radionuclide Lower Best estimate Upper Distribution

Ag-108m 3.0x10°° 3.0x10™ 6.0x10™ Double triangle, normal space
C-14 9.1x107? 9.2x107? 9.3x107? Double triangle, normal space
Cd-113m 1.0 Single point value

H-3 1.0 Single point value

Mo-93 4.0%x1073 4.8x1073 6.2x107° Double triangle, normal space
Nb-93m 3.7x10™ 4.7x10™ 2.5%x107? Double triangle, normal space
Nb-94 4.3%x10™ 54x10™ 2.9x107? Double triangle, normal space
Ni-59 4.4x107 5.4x107 5.8x107° Double triangle, normal space
Ni-63 4.4x%1073 5.6x107° 6.0x107° Double triangle, normal space
Pd-107 0 0.002 0.01 Double triangle, normal space
Sn-121m 7.6%107° 4.8x10™ 1.1x1073 Double triangle, normal space
Sn-126 0 3.00x10™* 0.001 Double triangle, normal space
Sr-90 0 0.0025 0.01 Double triangle, normal space
Tc-99 0 0.002 0.01 Double triangle, normal space
Zr-93 1.4%x10° 1.7%x10° 2.1x107® Double triangle, normal space

CRF: Ag-108m, C-14, CI-36, Mo-93, Nb-93m, Nb-94, Ni-59, Ni-63, Se-79, Sn-121m, Tc-99,
U-233, and Zr-93

The CRF is based on the inventory of the construction material and control rods, with the exception

of the Cd-113m inventory in the Ag-In-Cd alloy. Double triangle distributions in the normal space with
lower, best estimate, and upper values are recommended. Data are given for the average canister. The
best estimate values are weighted averages of the CRF for BWR and PWR fuel. The ranges are given
by the lowest and highest CRF of the low and high burnup fuel. The data are presented inTable 3-12.

Table 3-12. Recommended CRFs.

Radionuclide  Lower Best estimate Upper Distribution

Ag-10m 1

C-14 4.4x107" 4.9x107" 5.3x107" Double triangle, normal space
Cl-36 1.1x1072 2.0%x1072 7.2x1072 Double triangle, normal space
Mo-93 7.2x107" 9.7x107" 9.9x10™" Double triangle, normal space
Nb-93m 7.7%x107" 1.0 1.0

Nb-94 7.9x107" 1.0 1.0

Ni-59 8.2x107" 9.9x107" 9.9x107" Double triangle, normal space
Ni-63 7.9%x107" 9.9x107" 9.9x10™" Double triangle, normal space
Se-79 0 3.9x10™ 1.3x1073 Double triangle, normal space
Sn121m 2.1x10° 2.9%x1072 4.3%x107 Double triangle, normal space
Tc-99 3.7x107° 3.6x10™ 1.2x1073 Double triangle, normal space
U-233 2.2x10™ 4.4x10" 5.5%x10" Double triangle, normal space
Zr-93 8.4x107? 1.1x10™ 1.3x10™ Double triangle, normal space
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3.2.11 Judgements by the assessment team

Only part of the data and discussion delivered in this section are produced by the supplier, while the

assessment team has produced the remaining part. In this section the judgment is limited to the part
supplied by the supplier, which is the FGR. The supplier has also supplied the inventory on which
calculations are based. However, judgment on these inventories has been delivered in Section 3.1.11.

Sources of information and documentation of data qualification

The assessment team agrees with selection and categorisation of the different sources of information
and data sets made by the supplier.

Conditions for which data are supplied

The conditions for which the data are supplied have been described as in accordance with the scenario
for the future operation of the nuclear power plants as described in the Spent fuel report. This is
accepted by the assessment team.

Conceptual uncertainty

The supplier argues that there is little conceptual uncertainty concerning the calculations on which the
FGR are based, and that the existing uncertainty in the #GR should be handled as data uncertainty. The
assessment team agrees.

Data uncertainty due to precision, bias, and representativity

The description of the FGR allows for interpreting the spread in the data. The assessment team accept
the supplier’s interpretations.

Spatial and temporal variability of data

The supplier suggests that there is significant spatial variability of the FGR within a canister. However,
for the PSAR the spatial variability of concern is between canisters. This must be handled as data
uncertainty, as there currently is no strategy for how different canisters will be placed in the repository.
As the IRF is assumed to be instantly released, there is no temporal component of the FGR of interest
(after the fuel is taken out of the reactor).

Correlations

The supplier gives no correlation related to the supplier data. Correlations given between the param-
eters of this section are suggested by the customer.

Result of data qualification

The supplier has only provided a limited part of the data delivered in this section, namely data and
uncertainties of the FGR for BWR and PWR fuels. The assessment team agree with these data.

3.2.12 Data recommended for use in modelling

The IRF and CRF data presented in Table 3-11 and Table 3-12 are recommended to be used in the
PSAR modelling. Where normal distributions are suggested, they should be truncated at zero and one.
For all radionuclides of the selected inventory that are not displayed in these tables, the /RF' and CRF
are insignificant and is recommended to be set equal to zero.

As the corrosion rate is assumed to be uniform, the corrosion release rate for each radionuclide should
be calculated by taking the product of the CRF and total inventory and dividing it by the corrosion
time. The corrosion time distribution for all CRF radionuclides except Ag-108m is shown in Table 3-13.
Each canister should be given a single corrosion time in radionuclide transport modelling.
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Table 3-13. Distribution of corrosion time t.,,,.

Lower limit Best estimate Upper limit Distribution
(yr) (yr) (yr)
102 10° 10* Triangular distribution, log,,-space

For Ag-108m, the recommended corrosion time is given in Table 3-14.

Table 3-14. Distribution of corrosion time t.,, for silver (Ag-108m).

Lower limit Best estimate Upper limit Distribution
(yr) (yr) (yr)

5.9x10° 5.9x107 5.9x10°8 Triangular distribution, log;,-space

3.3 Fuel dissolution rate

In case of canister failure, groundwater may come in contact with the UO, matrix inside the canister.
If so, this will cause the fuel matrix to dissolve or become otherwise altered. As a result, uranium
and radionuclides embedded in the fuel matrix will be released in the intruding water. The process is
controlled primarily by the chemical environment of the intruding water and by the fuel composition
(see the Fuel and canister process report).

The release rate of radionuclides embedded in the UO, fuel matrix is assumed to be the same as the
dissolution rate of the UO, matrix. For the expected reducing conditions inside a breached canister,
the solubility limit of reduced uranium species will rapidly be reached. This would prevent a further
dissolution of the UO, fuel matrix. However, radiolysis is known to cause oxidative dissolution
(corrosion) of the UO, fuel matrix. The effect will be continuous release of radionuclides at the rate

of oxidative dissolution. This process will be relevant close to the fuel surface, while the bulk environ-
ment of the canister interior is expected to be reducing. Therefore, reduction and precipitation of the
dissolved uranium species in the canister interior occurs at the same rate as the oxidation. The water
is thereby kept at the solubility limit for reduced uranium.

In the conceptual model for fuel dissolution, when the transport rate of uranium species out of the
canister is low, only the oxidative fuel dissolution component contributes to fuel dissolution. For these
cases, the fuel dissolution rate is practically equal to the rate of oxidative fuel dissolution. For larger out
flows, the component for upholding the solubility limit of uranium may become important. However,
as Ekeroth et al. (2020) points out, the flows required for this to cause a dissolution rate higher than the
oxidative dissolution rate are unrealistically large.

A small fraction of the spent fuel will be spent fuel residues from the Studsvik operations and contain-
ers with failed fuel, i.e. fuel with failed cladding. The dissolution rate relevant for these irregular fuel
types require special treatment and recommended dissolution rates are given in this document.

3.3.1 Modelling

This section describes what data are expected from the supplier, and in what modelling activities the
data are to be used.

Defining the data need

The radionuclide transport modelling activities need the following fuel dissolution rate data:

* The fuel dissolution rate of the UO, matrix under reducing conditions, in fractions per year (yr').
The fuel dissolution rate should, if possible, be given with uncertainties, implicitly encompassing
different relevant conditions, such as water and fuel compositions.
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» The fuel dissolution rate of spent fuel residues and in special containers. As for the regular fuel,
this should be relevant for reducing conditions and given in fractions per year (yr').

» The fuel dissolution rate of failed spent fuel rods in special containers. As for the regular fuel,
this should relevant for reducing conditions and given in fractions per year (yr').

To clarify the expression “fuel dissolution rate in fractions per year”, this is the amount of UO,
dissolved per year, divided by the initial total amount of UO,.

Modelling activities in which data will be used

The fuel dissolution rate is used when calculating the release of radionuclides from the fuel matrix to
the water that has intruded into the canister (see the Radionuclide transport report).

The near-field radionuclide transport code used within the PSAR is the same as the one used in
SR-Site. For details, see the Model summary report. In the model the fuel dissolution rate is constant
and independent of the degree of saturation of uranium species in the intruding water. Fuel dissolu-
tion due to the upholding of the uranium concentration at the solubility limit is only relevant if the
transport rate out of the canister is higher than the rate of oxidative fuel dissolution. For lower transport
rates, the solubility limit will be reached and, consequently, uranium precipitates will form. In this
situation, the component representing fuel dissolution due to the upholding the uranium concentration
will be negligible. If the transport rate out of the canister is larger than the fuel dissolution rate, the
non-oxidative fuel dissolution will become more important. The fuel dissolution rate is set to balance
the fuel dissolution and transport rates in the model. The conceptual model agrees with that used in
previous assessments.

3.3.2 Experience from SR-Site

This section briefly summarises experience from the SR-Site safety assessment, which may be of direct
consequence for the data qualification in this Data report.

Modelling in SR-Site

The handling of regular fuel dissolution in SR-Site agrees with the handling in the PSAR. In SR-Site
the fuel dissolution rate was given as a triangular probability density function in the log;, space with

the central value at 10”7 yr'', and minimum and maximum values at 10 yr' and 10 yr', respectively.
Irregular spent fuels, such as spent fuel residues and failed fuels, were considered negligible and were
not included in the modelling.

Conditions for which data were used in SR-Site

The data provided in SR-Site were relevant for the December 2007 inventory of fuel stored at the Clab
interim storage facility as well as for the prognosis including the future spent fuel. Besides the different
fuel types, also linear power rating and burnup were considered. The experimental data considered
were obtained in a reducing environment.

Sensitivity to assessment results in SR-Site

The radiological risk was, for important SR-Site scenarios, dominated by Ra-226 at times of maximal
mean annual effective dose. For these times, the release rate of Ra-226 was assumed to be directly
dependent on the fuel dissolution rate.

Alternative modelling in SR-Site

No alternative modelling of the fuel dissolution process was used in SR-Site.
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Correlations used in SR-Site modelling

The fuel dissolution rate was not directly dependent on any other data in SR-Site. However, the release
rate of matrix bound radionuclides was correlated to the fuel dissolution rate.

Identified limitations of the data used in SR-Site modelling

The fuel dissolution data delivered to SR-Site modelling could be used for all required conditions and
modelling activities. Concerning the data in SR-Site, the regulatory authorities found that additional
information was requested concerning fuel residues and as a response, amounts, characteristics and
potential contribution to risk were assessed (Johansson and Evins 2013). To estimate the contribution
to risk, fuel dissolution rates were provided for different types and fractions of the fuel residues (Evins
and Hedin 2013). One identified limitation was therefore that the dissolution rate used was only
relevant for the regular fuel. Additional information was also requested concerning the background to
the chosen distribution for the fuel dissolution rate and the justification for using the same distribution
for the full assessment time was questioned (SSM 2018). Additional data and arguments were provided
during the review phase (Spahiu and Evins 2014, Spahiu 2012).

3.3.3 Use of data in the PSAR and SR-Site

The fuel dissolution rate data used in SR-Site is the same as in the PSAR. This is supported by results
published after SR-Site, discussed in the Fuel and canister process report,

For the PSAR, the assessment includes estimates of risk contribution from irregular spent fuels, i.e.
spent fuel residues and failed fuel. The fuel dissolution rates given for these irregular spent fuels are
mainly based on cautious assumptions and in many cases overly pessimistic. This approach is taken
due to the lack of relevant experimental data and as more relevant data are available and published,
the pessimism may be reduced.

3.3.4 Sources of information and documentation of data qualification
Sources of information

The main source of information is the SR-Site Data report (SKB 2010a). In the Fuel and canister
process report (Section 2.5.5), recent publications supporting the chosen dissolution rates, or even
suggesting lower dissolution rates, are discussed. Additional sources of information are the documents
submitted to the regulatory authorities during the review phase of SR-Site, and a recent report concern-
ing risk contributions from failed fuels. The main sources of information are tabulated inTable 3-15.
Some of the supporting publications discussed in the Fuel and canister process report are given in
Table 3-16.

Table 3-15. Main sources of information used in data qualification.

SKB 2010a Data report for the safety assessment SR-Site. SKB TR-10-52, Svensk Karnbranslehantering AB.

Fuel and canister process report. Fuel and canister process report for the final repository for spent nuclear fuel at
Forsmark — PSAR version. SKB TR-21-02, Svensk Karnbranslehantering AB.

Evins L Z, Hedin A, 2013. Uppskattning av riskbidrag fran branslerester. SKBdoc 1395834 ver 1.0, Svensk Karnbransle-
hantering AB.

Evins L Z, Hedin A, 2020. Failed fuel in special containers: potential contribution to risk calculated in the post-closure
safety for the spent nuclear fuel repository. SKBdoc 1872793 ver 1.0, Svensk Karnbranslehantering AB.

Categorising data sets as qualified or supporting data

The main source of information for the regular spent fuel is the SR-Site Data report which is qualified
(produced within the current SKB framework for data qualification). References within the Fuel and
canister process report are either considered to be qualified or supporting. Data sets that are sorted
as qualified or supporting are summarised in Table 3-16. The rationale for the sorting is discussed
below the listed items.
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Table 3-16. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. SR-Site Data report (SKB 2010a), Section 3.3.12 Recommended 12. Evins L Z et al. (2014). Fuel dissolution
distribution of fuel dissolution rates. rates for alpha doped samples in natural

roundwater.
2. Fuel and canister process report, Section 2.5.5: Review of g

recent publications supporting the chosen fuel dissolution range.

3. Evins and Hedin 2013: Assumed fuel dissolution rates from spent
fuel residues.

4. Evins and Hedin 2020: Estimated fuel dissolution rates from spent
fuel with failed cladding.

5. Puranen et al. (2017): Anoxic iron corrosion suppressing oxidative
dissolution of spent fuel.

6. Puranen et al. (2018): Hydrogen suppressing oxidative dissolution
of high-burnup fuel.

7. Ollila et al. (2013): Dissolution rates of alpha-doped UO, in natural
groundwater.

8. Odorowski et al. (2017) Fe(ll) produced by iron corrosion sup-
presses the oxidative dissolution of highly doped, unirradiated MOX
pellets.

9. Bauhn et al. (2018a, b) Data supporting reaction between hydrogen
and hydrogen peroxide at the spent fuel surface.

10. Liu et al. (2017) Model incorporating hydrogen effect showing
corrosion rates decreasing with time to negligible levels.

11. Ekeroth et al. (2020). Hydrogen suppressing oxidative effect
of radiolysis on the spent fuel surface.

1-4. Reports produced within the current SKB framework for data qualification.

5-11. Peer reviewed journal or conference articles. Furthermore, they are all considered as relevant for the fuel in the
Swedish programme, and for Swedish repository conditions.

12. Final report from the REDUPP project published as Posiva Workreport according to the review process connected
to this publication type at Posiva at the time.

Excluded data previously considered as important

No data previously considered as important has been excluded.

3.3.5 Conditions for which data are supplied

The fuel dissolution rate suggested for regular spent fuel in this section, with its uncertainty range,
should encompass all relevant fuel types and water compositions under reducing conditions, expected
in a KBS-3 repository. The conditions for which the data are supplied are described in the SR-Site
Data report (SKB 2010a) and these have not changed for the PSAR.

The spent fuel to be deposited is described by the scenario for the operation of Swedish nuclear power
plants and consists predominantly of UOX spent fuel but to some extent also of MOX spent fuel. The
burnup ranges from somewhat above 10 MWd/kgHM to somewhat below 60 MWd/kgHM (Spent fuel
report). For regular fuels, data provided in the SR-Site Data report SKB 2010a) are judged as relevant
for the PSAR, since there has been no change in fuel type and maximum burnup since then. Modern
fuel types that are doped with Cr and Al display similar leaching behaviour as the standard UOX fuel
(Fidalgo et al. 2020). In addition, for irregular fuels, new fuel types including fuel residues and failed
fuel are included in the PSAR. Fuel residues mainly originate from the hot cell examination and experi-
ments performed in Sweden. Fuel rods with failed cladding originate from fuel used in Swedish nuclear
power plants.
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3.3.6 Conceptual uncertainty

For regular fuels, the conceptual uncertainty connected to spent fuel dissolution remains essentially the

same since SR-Site (SR-Site data report, SKB 2010a). Further work has been performed that reduces
the conceptual uncertainty connected to the spent fuel dissolution process has been published since then
(e.g. Puranen et al. 2017, 2018, Bauhn et al. 2018a, b, Ekeroth et al. 2020).

For irregular fuels, much less research is available and the conceptual uncertainty is significant. In the
case of spent fuel residues, there is uncertainty concerning effect of degradation of epoxy and forma-
tion of potential complex formation. For oxidized fuel matrix, stemming from either exposure to air in
a Hot Cell environment or from interaction with coolant in nuclear reactors or in storage pools, there is
uncertainty in the formation of secondary phases, radionuclide content in these, and the rate at which
the secondary phases dissolve in repository conditions. In these cases, a pessimistic approach is taken.

3.3.7 Data uncertainty due to precision, bias, and representativity

For regular fuels, the uncertainties in the experimental data upon which the recommended dissolution
rates are based are discussed in the original publications, which are generally peer-reviewed articles.
However, the fuel dissolution rate is based on total uranium or releases and cautious assumptions. It
disregards a large body of experimental data which show decreasing release rates, or alternatively no
release, as well as modelling results that suggests lower releases. The large uncertainty (a span of two
orders of magnitude) in the recommended dissolution rates is intended to capture all uncertainties,
including conceptual uncertainties. For irregular fuels, there are various sources of uncertainties associ-
ated with data used to estimate dissolution rates. These are discussed below.

Data uncertainty due to precision

As the chosen range of fuel dissolution rates for regular fuel is cautious (as discussed above), data
uncertainty due to precision issues in measurements or models is judged as subordinate.

Dissolution of various fractions (oxidized, powders, epoxy-encased samples) of the fuel residues have
been assumed to instant, so for these data uncertainty due to precision is not relevant. In the case of
oxidized fuel fractions in failed fuel, dissolution data is connected with uncertainty due to precision.
The estimated rates depend on parameters which are likely to vary within certain ranges, such as pH.
This uncertainty is captured by assigning a distribution between an upper and lower estimate.

Data uncertainty due to bias

There are experimental results suggesting much lower fuel dissolution rates than those suggested
(e.g. Carbol et al. 2005, Cui et al. 2008, Muzeau el al. 2009, Spahiu et al. 2000, 2004). In this sense
the degree of pessimism in SR-Site could be seen as a bias.

Bias is likely one source of data uncertainty for the dissolution data connected to oxidized fuel matrix
in failed fuel. There is very a limited number of experimental data, which means there is risk the data
may cluster above or below the true value. This bias is expected to be covered by the uncertainty range
given by the suggested distribution.

Data uncertainty due to representativity

The experimental data that forms a basis for the recommended dissolution rates for regular fuels have
been obtained both with relatively fresh spent fuel and a-doped UO,. Spent fuel represents the real
properties of the fuel matrix, but has an unrealistically high radiation field with large contribution of -
and y- radiations. For this reason it is tested under relatively high hydrogen concentrations (> 1 mM).
On the other hand, a-doped UO, represents better the radiation field of the spent fuel expected to
contact groundwater, but does not represent other properties of the spent fuel matrix. In this case the
data have been obtained with low concentrations of reductants, or no reductants present. Most of the
spent fuel leaching tests have been carried out in bicarbonate containing solutions, known to enhance
dissolution. Cations such as Ca or Mg, which are reported to decrease dissolution rates (Wilson and
Gray 1990, Santos et al. 2006), have often been excluded in order to obtain cautious rates. The analysis
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includes data obtained in solutions with average or high chloride concentrations, variable pH, as well as
synthetic groundwaters. Thus the rates analysed should be cautious and representative for all possible
conditions in the repository.

Regarding irregular fuels, the underlying experimental results are collected on certain oxidized phases
that may not be fully representative of the actual phases in the failed fuel. This constitutes an uncer-
tainty with regards to representativity. This uncertainty is also expected to be covered by the suggested
range of the distribution.

3.3.8 Spatial and temporal variability of data

No spatial or temporal variability is considered. The fuel dissolution rates are assumed constant in
time and valid for all canisters.

Spatial variability of data

As the burnup and linear power for the fuel is increasing (due to the increased power outtake in the
power plants), it is not unlikely that the deposition tunnels built in the later part of the deposition
period will contain fuel with higher burnup than that deposited in the initial part. However, within
the accuracy of several recent experiments there is no evidence for increased dissolution rates from
high burnup fuel. For this reason, spatial effects on fuel dissolution rates are disregarded. They are
assumed to be captured by the uncertainty range in the fuel dissolution rates.

Irregular fuels may or may not be encapsulated together with regular fuels. If they are encapsulated
separately and these canisters are deposited near each other in the repository, this would constitute a
spatial variability. However, no decision is taken concerning encapsulation strategy for irregular fuels,
and the approach in the PSAR is to disregard this potential spatial variability. For the final estimation
of risk, the spatial variability is of no consequence.

Temporal variability of data

No temporal variability of dissolution rates are taken into account. The dissolution rates for both
regular fuel and for the oxidized part of the failed fuel are given with wide uncertainty ranges that are
expected to cover any potential change in rates over time. The argument for keeping a constant dissolu-
tion rate over the full assessment time is given in the SR-Site Data report (SKB 2010a) and in Spahiu
and Evins (2014).

3.3.9 Correlations

No correlations were assigned in SR-Site Data report (SKB 2010a) Based on this and the results from
recent studies, it is concluded that fuel dissolution is not a function of fuel burnup and no correlation
with the instant release fraction exists.

The release rate of matrix bound radionuclides is correlated to the fuel dissolution rate.

3.3.10 Result of data qualification

The dissolution rates for regular fuels (including MOX) qualified in the SR-Site Data report SKB
2010a). are the same as the rates resulting from the current qualification. Based on data reported from
experiments using spent nuclear fuel and a-doped UO, , reviewed in the Fuel and canister process
report, a dissolution rate with a triangular probability density function in the log10-space is suggested.
The lower limit, best estimate, and upper limit are suggested to be 10°®, 107, and 10°® yr'. The fuel
conversion rate is suggested not to vary in time.

The dissolution rates for spent fuel residues and failed fuels are qualified here for the PSAR. Based
on the data provided in Evins and Hedin (2013, 2020), the following dissolution rates assumed for
the different fractions are given in Table 3-17.
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Table 3-17. Dissolution rates suggested for various fractions of fuel in spent fuel residues and

failed fuel.

Irregular fuel type

Dissolution rate (yr™), triangular distribution in log10-space

Spent fuel residues:

Upper estimate

Best estimate Lower estimate

Unaltered fuel matrix 1.0x107® 1.0x107 1.0x10°®
Air-oxidized fuel matrix Instant release
Fuel powder Instant release
Fuel samples in epoxy Instant release

Failed fuel:
Unaltered fuel matrix 1.0x107 1.0x107 1.0x1078
Oxidized/altered fuel matrix 2.9%107° 2.9x10™ 2.91x10°

3.3.11 Judgements by the assessment team

According to the instruction given in Section 2.3, the assessment team should comment on
Sections 3.3.4 to 3.3.10. The assessment team agrees with the statements and suggestions made
in these sections.

3.3.12 Data recommended for use in modelling

The probability density function of the fuel dissolution rate recommended for use in the PSAR model-
ling is the same that for SR-Site, and is given in Table 3-18. The distribution should apply for all types
of regular fuel, and for all reducing conditions and time periods.

Table 3-18. Distribution of fuel dissolution rates suggested for use in modelling.

Lower limit Best estimate  Upper limit Distribution
(yr) (yr) (yr)
1078 107 10 Triangular distribution, log:,-space.

For modelling dissolution of irregular fuel types containing spent fuel residues and failed fuel, the
data in Table 3-17 is recommended.

3.4 Solubility data

In case of canister failure, groundwater will enter the void inside the canister and come in contact with
the spent fuel and metal parts inside the canister. As a result, radionuclides will be released into this
water as dissolved species. If the concentrations of the dissolved species get high enough, radionuclides
will precipitate as solid phases. The solubility of the precipitated phases will determine the maximum
concentration of a radioelement inside the canister. These concentrations are used as the source term for
the radionuclide transport calculations.

The solubility concentration in the assessment is radioelement specific and dependent on:
1. The assumed solubility limiting phase.
2. The geochemical conditions inside the void.

3. The thermodynamic database used.

The selection of solubility limiting phases is done for the purpose of safety assessment.
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3.4.1 Modelling

This section describes what data are expected from the supplier, and in what modelling activities the
data are to be used. The PSAR is based on the same modelling as SR-Site.

Defining the data requested from the supplier

The output from this section should include solubility limiting phases and associated reactions
assumed to occur in the aqueous phase inside a failed canister, as well as associated thermodynamic
data. The supplier should deliver:

» Alist of solubility limiting phases and associated reactions including the elements requested in
Section 2.2.1, as well as relevant groundwater species.

¢ Thermodynamic data for each of the listed reactions, including uncertainty estimates. The data
should be delivered in form of equilibrium constants, log,,(K’,) £ Alog,,(K",).

The elements for which data are requested (see Section 2.2.1) are: H, C, Cl, Ni, Se, Sr, Mo, Zr, Nb, Tc,
Pd, Ag, Cd, Sn, I, Cs, Sm, Eu, Ho, Pb, Ra, Th, Ac, Pa, U, Np, Pu, Am, and Cm. The choice of relevant

groundwater components should be justified. The groundwater composition is handled in Section 6.1

of this report. As part of the uncertainty discussion, supporting data from natural systems, laboratory
experiments, and previous assessments may be useful.

The process of co-precipitation process for Ra-Ba sulphate is considered. Thus, the supplier should
deliver:

» A formula for the (Ra,Ba)SO, co-precipitate, as well as guidance on how to incorporate
co-precipitation in the safety assessment.

The reactions and thermodynamic data delivered in this section are inputs to the Simple Functions
spreadsheet (Grivé et al. 2010a), which is used to assess the solubility limits of radioelements in
the canister. As a second step of the radionuclide transport modelling, the assessed solubility limits
are used to determine the concentration of dissolved radioelements inside the canister, and thus to
determine the source term (see the Radionuclide transport report).

Except for the data delivered here, the Simple Functions spreadsheet requires input data on the ground-
water composition, in terms of the major ions, pH, redox potential, and ionic strength. Such data are
presented in Section 6.1.

3.4.2 Experience from SR-Site

For the two main canister failure scenarios in SR-Site, shear due to an earthquake and corrosion
following bentonite erosion, solubility limits were only applied in the shear scenario. The reason is that
when the bentonite buffer is eroded, advective flow can keep the concentration of radionuclides lower
than the solubility limits, alternatively, if colloidal species have precipitated, there is no bentonite to
provide transport resistance. Since the shear scenario only contributes to a small degree to the overall
calculated risk, radionuclide solubilities do not contribute significantly to the overall result of the safety
assessment. SSM commented on this in the review of SR-Site, suggesting that this may reflect an
overly pessimistic approach regardring solubility limits in the safety assessment overall (SSM 2018).
Some important aspects of the solubility calculations are discussed below. The discussion is based on
experience both during the SR-Site project, and experience gained during the review phase.

Thermodynamic data

The thermodynamic data included in the solubility calculations for the PSAR are the same as for
SR-Site. Considering the assignment and treatment of uncertainties , Grivé et al. (2013a) provides
a background and discussion on the uncertainty values in the Simple Functions tool, as well as giving
examples for a few radionuclides. The conclusion of the extended reasoning of the uncertainty assign-
ment approach is that it seems sufficiently accurate and appropriate for the purpose.

88 SKB TR-21-06



One issue regarding the calculations concerns the excusion of phosphate in the calulations, and what
effects this may have on the results. New calculations including phosphate were therefore performed
and results were compared with calculations that excluded phosphate solubilities (Grivé et al. 2013b).
Important conclusions are that excluding phosphate is conservative, i.e. even low phosphate concentra-
tions in the water would lower the solubility significantly for many radionuclides, and that no change
is observed for the radionuclides dominating risk. Thus, the total risk is unaffected by the inclusion
of phosphate in the solubility calculations.

In addition, the effect of temperature on thermodynamic data was pointed out and clarifications
were requested that would illustrate the difference at low and high temperature. Temperature affects
solubilities; however, the calculations perfomed in SR-Site are only valid for 25 °C. Since tempera-
ture will be higher than that for some time in the respository, Grivé et al. (2013b) performed some
calculations in response to this request. This work highlights that the solubility of most radionuclides
will be higher at 90 °C than at 25 °C, but also that these temperature corrections are relying on avail-
able enthalpy data, which for casesfew, or none. For uranium, the solubility changes with several
orders of magnitude; however, this is related to the lack of enthalpy data for the selected solid phase.
Finally, it can be concluded that solubility is strongly dependent on temperature and it is doubtful to
use solubilities for 25 °C for cases where the expected temperature is higher. However, in the PSAR,
as in SR-Site, 25°C is expected to be reached ca 3 000 years after closure of the repository. During
this early stage, there is no risk for failure of the canister due to corrosion, and the probability for

a failure due to shear is very low. In the case of early shear failure, the dose is dominated by C-14
and no solubility limit is assigned for this radionuclide. Thus, in the current assessment, the same
solubility data as in SR-Site, valid for 25°C, is used.

Ra-Ba co-precipitation

The consequence calculatiosn show that Ra, originating from decay of ***U, is an important radio-
nuclide, responsible for the highest risk far in the future. Therefore the the solubility of Ra is important
in the consequence calculations; in SR-Site solubility of Ra was assumed to be controlled by Ra-Ba
co-precipitation. Since the solubility of Ra was then calculated using an assigned Ra/Ba ratio), this
triggered further investigations concerning potential transport of Ba out of the canister. Additionally the
availability of Ba in the fuel matrix, effect of timing of canister failure, actual Ba inventory in the fuel,
potential effect of Sr, and apparent correlation between Ra and Ca concentrations in natural ground
waters was also contemplated. Grandia (2013) provides an extended discussion on all these issues
along the following lines of argument. At the time of canister failure, Ba (and Ra) may diffuse out of
the canister if there is a concentration gradient. Considering the expected concentration in the bentonite
pore waters and the concentration in the canister, there will be a very weak driving force for diffusion.
It is also argued that the assumed Ra/Ba is acceptable as a maximum also for early times of canister
failure. The amount of Ba in fuel, and thus the Ra/Ba ratio is also shown to not be sensitive to fuel type.
A number of research results relating to the effect of Sr on formation of the (Ra, Ba)SO, solid solution
show that Ra will eventually fixed as ternary (Ba,Sr,Ra)SO, solid solution. Thus, dissolved Sr inside a
failed canister is not expected to significantly affect the Ra co-precipitation with barite. Regarding the
observed correlations between Ra and Ca, Grandia (2013) provides a detailed discussion showing that
equilibrium of Forsmark deep ground waters with barite is clearly observed, and that the Ra solubility
limiting phase in the deep ground waters at Forsmark is likely a set of Ba-Ra sulphate solid solutions.

Recent and on-going research regarding the Ra-Ba co-precipitation process is presented and discussed
in the Fuel and canister process report. None of the results warrants any change from the handling
in SR-Site, and thus no change has been made regarding input data for the PSAR.

3.4.3 Supplier input on use of data (text reproduced from SR-Site Data report)

The supplier will not deliver solubility data or reactions for the radioelements Mo, Cd, Eu, and Ac.
These elements are not included in the Simple Functions Spreadsheet and no solubility assessment
has been made.

The supplier agrees with the use of data in SR-Site. It is noted that the exclusion of other co-precipitates
than (Ra,Ba)SO, from the safety assessment is pessimistic, but that it is up to the safety assessment
team to choose the degree of pessimism. With the chosen degree of pessimism in SR-Can (the exclu-
sion of all co-precipitates) the supplier agrees with the use of data.
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3.4.4 Sources of information and documentation of data qualification
Sources of information

The main sources of information on solubility limits are (Duro et al. 2006a, b), which are reports
dedicated for SR-Can. The solubility limiting phases and reactions are taken from Duro et al. (2006a),
while the thermodynamic database (TDB) is taken from Duro et al. (2006b). A supplement to Duro
et al. (2006a) has been recently produced (Grivé et al. 2010b). A major reference in Duro et al. (2006b)
is the NAGRA-PSI 01/01 TDB, reported in Hummel et al. (2002). For data on Pb, an element that
was not included in Duro et al. (2006a, b), the main reference is Grive et al. (2010b). The main source
of information on the performance of the Simple Functions spreadsheet is Grivé et al. (2010a). In addi-
tion, Grivé et al. (2013a, b) are sources of information concerning effects of temperature, phosphate
and uncertainties on calculated solubility limits. The main sources of information on (Ra,Ba)SO,
co-precipitation are Grandia et al. (2008) and Bosbach et al. (2010). Additional sources of information
regarding Ra-Ba co-precipitation are Grandia (2013), Weber et al. (2017). All these sources of informa-
tion are shown in Table 3-19.

Table 3-19. Main sources of information used in data qualification.

Duro L, Grivé M, Cera E, Gaona X, Domeénech C, Bruno J, 2006a. Determination and assessment of the concentra-
tion limits to be used in SR-can. SKB TR-06-32, Svensk Karnbranslehantering AB.

Duro L, Grivé M, Cera E, Doménech C, Bruno J, 2006b. Update of a thermodynamic database for radionuclides to
assist solubility limits calculation for performance assessment. SKB TR-06-17, Svensk Karnbranslehantering AB.

Hummel W, Berner U, Curti E, Pearson F J, Thoenen T, 2002. Nagra/PSI| chemical thermodynamic data base 01/01.
Boca Raton: Universal Publishers.

Grivé M, Doménech C, Montoya V, Garcia D, Duro L, 2010a. Simple Functions Spreadsheet tool presentation.
SKB TR-10-61, Svensk Karnbranslehantering AB.

Grivé M, Domeénech C, Montoya V, Garcia D, Duro L, 2010b. Determination and assessment of the concentration
limits to be used in SR-Can. Supplement to TR-06-32. SKB R-10-50, Svensk Karnbranslehantering AB.

Grandia F, Merino J, Bruno J, 2008. Assessment of the radium-barium co-precipitation and its potential influence on
the solubility of Ra in the near-field. SKB TR-08-07, Svensk Karnbranslehantering AB.

Bosbach D, Béttle M, Volker M, 2010. Experimental study of Ra?" uptake by barite (BaSO4). Kinetics of solid solution
formation via BaSO, dissolution and Ra,Ba;_,SO, (re) precipitation. SKB TR-10-43, Svensk Karnbranslehantering AB.

90 SKB TR-21-06



Categorising data sets as qualified or supporting data

The different data sets used as inputs to this section are categorised as qualified or supporting in
Table 3-20. The reasoning behind the sorting is given in Table 3-21.

Table 3-20. Qualified and supporting data sets.

Qualified data sets

Supporting data sets

1. Duro et al. (2006a): Selected solubility limiting phases and rationale for
their selection.

2. Duro et al. (2006b): Thermodynamic database used in SR-Can (tables in
Chapters 2 to 18). Formation reactions of aqueous species and solubility

constants for solid phases. One chapter of the report is dedicated to each
element or group of elements.

3. Hummel et al. (2002), NAGRA-PSI 01/01 thermodynamic database:
Reference thermodynamic database modified for the SR-Can solubility
assessment.

4. Grivé et al. (2010b): Updated thermodynamic database, as supplement
to SKB TR-06-32. Includes the element Pb.

5. Original thermodynamic database published by the OECD NEA-TDB
project and discussion on the selection of the thermodynamic data.
Rand et al. (2009) TDB of Thorium.

Brown et al. (2005) TDB of Zirconium.

Olin et al. (2005). TDB of Selenium.

Gamsjager et al. (2005). TDB of Nickel.

Guillaumont et al. (2003). TDB of Uranium, Neptunium, Plutonium,
Americium and Technetium.

Lemire et al. (2001). TDB of Neptunium and Plutonium.

Rard et al. (1999). TDB of Technetium.

Silva et al. (1995). TDB of Americium.

Grenthe et al. (1992a). TDB of Uranium.

6. References (Chapter 19) in Grivé et al. (2010b): Papers and reports

used to update thermodynamic data included in the Simple functions
spreadsheet.

7. Results in Bosbach et al. (2010) showing that re-crystallisation kinetics
of barite as well as (Ra, Ba) sulphate co-precipitation are relatively fast
processes.

8. Inventory data in Appendix C, Table C-15 of SR-Site Spent fuel report
(SKB 2010c).

9. Figure 3-2 in Grandia et al. (2008) and
conclusions stating that the relative amount
of Ra with respect to Ba in the precipitating
system will be at least 1000 times lower
(e.g. page 33 of Grandia et al. 2008).

10. Duro et al. (2006a), Chapter 4.1 and
Appendix A: Data of measured radionuclide
solubilities from laboratory experiments.

11. Duro et al. (2006a), Chapter 4.2 and
Appendix B: Data of measured radionuclide
solubilities from natural systems.

12. Duro et al. (2006a), Appendix C: Data
of recommended solubility limits from
other national performance assessments
exercises.

13. Grivé et al. (2013a). Data from update
of Simple Functions to assess effects of
phosphate and temperature.

14. Grivé et al. (2013b). Supporting
information concerning uncertainties in
thermodynamic data.

15. Grandia (2013). Additional information
regarding Ra-Ba co-precipitation supporting
the handling of Ra solubility.

16. Weber et al. (2017). Data supporting
the uptake of Ra in barite to form (Ba,Ra)
SO, solid solution.
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Table 3-21. Justifications to the sorting of items in Table 3-20.

1. (Duro et al. 2006a) was written and reviewed according to the SKB quality assurance system. It is considered as
qualified, as it is a dedicated SR-Can document and produced in accordance with the current framework for data
qualification. In Duro et al. (2006a), the solubility limiting phases and associated reactions are selected with an expert
judgement methodology. The selection of the aqueous species considered in the solubility calculations for each radio-
element is based on the sensitivity analyses presented in Chapter 6 of Duro et al. (2006a).

2. Duro et al. (2006b) is considered as qualified, as it is a dedicated SR-Can document and produced in accordance with
the current framework for data qualification. The report delivers equilibrium constants as well as enthalpy data for the
chemical reactions of interest. The aim of that report was to take data from a thermodynamic database (NAGRA-PSI
01/01 TDB (Hummel et al. 2002)) for solubility calculations and to complete the database in case data were lacking,
where considered appropriate. Several changes, updates and checks for internal consistency and completeness to

the NAGRA-PSI 01/01 database were conducted when needed. Most modifications incorporated to the NAGRA-PSI
01/01 database are reported in Duro et al. (2006b).

3. The thermodynamic database “NAGRA-PSI 01/01 database” was prepared by PSI and NAGRA and reported in
Hummel et al. (2002). This work has undergone a peer review by an independent reviewer, according to NAGRA's QA
procedures. Furthermore, the data are relevant for the Swedish repository concept and can therefore be considered
as qualified.

4. Since the publication of Duro et al. (2006b) several experimental programmes and scientific literature works have been
devoted to the improvement of the thermodynamic databases for the elements of interest. All modifications needed for
the implementation of the newly appeared databases until 2009 are reported in Grivé et al. (2010b). Most modifications
reported in Grivé et al. (2010b) refer to the implementation of the thermodynamic data published in the “Chemical
Thermodynamics” series of books from the OECD NEA. Thermodynamic data for Pb system has been included in

the Simple Functions spreadsheet in 2009.

5. The OECD NEA “Chemical Thermodynamics” series of books, as well as articles and reports from the scientific
literature, were used to update the thermodynamic data included in the Simple Functions spreadsheet and are properly
referenced in Grivé et al. (2010b). These data are considered as qualified given that they are peer reviewed and consti-
tute the highest quality thermodynamic databases on radioelements relevant for the Swedish repository.

6. Papers and reports used to update thermodynamic data included in the Simple Functions spreadsheet are qualified,
given that they have been submitted to a peer review process before considering them. References are given in Grivé
et al. (2010b).

7. The SKB report (Bosbach et al. 2010) is written and reviewed in accordance with the SKB quality assurance system.

8. SKB (2010b) is written and reviewed in accordance with the SKB quality assurance system. The data are used for
calculate ing the Ba/Ra ratio in the canister for BWR and PWR spent fuel.

9. The SKB report (Grandia et al. 2008) is written and reviewed in accordance with the SKB quality assurance system.
However, the spent fuel for which numerical data are given is ATM-104 spent fuel (PNL 1991), which is not identical with
the Swedish spent fuel (but very similar). These data are sorted as supporting, and it should be noted that recommended
data are based on similar calculations for Swedish fuel (cf Figure 3-8).

10. Data of measured radioelement solubilities from laboratory experiments are reported in Section 4.1 and Appendix A
of Duro et al. (2006a). These are supporting data used in the expert judgement for the solubility assessment presented
in Duro et al. (2006a).

11. Data of measured radioelement solubilities from natural systems are reported in Section 4.2 and Appendix B of Duro
et al. (2006a). These are supporting data used in the expert judgement for the solubility assessment presented in Duro
et al. (2006a).

12. Data of recommended solubility limits from other national performance assessment exercises are included in
Appendix C of Duro et al. (2006a). These data are used as supporting information to compare the current solubility
assessment with other assessments of the same type, conducted by different nuclear waste management organisations.

13. Grivé et al. (2013a) provides data that supports the exclusion of phosphate from the calculation by showing that
this is a pessimistic approach. The solubilities calculated for temperatures up to 90 °C show that for calculation cases
involving elevated temperatures it is doubtful to use solubilities calculated for 25 °C.

14. Grivé et al. (2013b) provides additional information supporting the treatment of uncertainties in thermodynamic data.

15. Grandia (2013) supports the treatment of Ra-Ba co-precipitation and the coice of Ra/B ratio to calculate the Ra
solubility.

16. Weber et al. (2017) supports the treatment of Ra-Ba co-precipitation by showing proof of Ra uptake in barite.

Excluded data previously considered as important
No such data has been identified.
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3.4.5 Conditions for which data are supplied (text reproduced from SR-Site
Data report)

The conditions under which the radioelement solubility assessment has been done are described in
Duro et al. (2006a).

They are briefly summarised as follows:

* The assessment of radioelement concentration limits considers the vicinity of the spent nuclear
fuel, in the void between the spent fuel and the canister. The solid phases, selected as likely to
precipitate, apply only to the conditions in the void between the spent fuel and canister (Chapter 5
of Duro et al. 2006a).

* The temperature for which solubility limits are assessed, by using the Simple Function spreadsheet,
is 25 °C. The code is currently not designed to return solubility limits for any other temperatures.
For the time periods where solubility limits are most likely to be of consequence for the safety
assessment, that is when the canister has failed and water has intruded, the ambient temperature is
expected to be lower than this.

» The selected solubility limiting phases and thermodynamic data support calculations of solubilities
for all relevant redox conditions, i.e. from pH, = 10 MPa (100 atm of H, derived from steel anoxic
corrosion) to pO, = 20 kPa (equilibrium with atmospheric pO,). Inside the canister, corrosion of
the cast iron insert and stainless steel construction material will give rise to production of H, gas,
wherefore reducing conditions are expected.

» Sensitivity analyses of radioelement concentration limits have been done to study both the influence
of the groundwater composition on the geochemistry of the selected radioelements, and to identify
the main solid phases thermodynamically able to precipitate in the system.

» The selection of thermodynamic data and solubility limiting phases has been done for a pH range
of 6 to 11. The assumptions may not be valid outside of this range.

» The activity correction used (Debye-Hiickel theory) is not valid for an ionic strength of > 0.2 M and
it would have been preferable to use the Specific Interaction Theory instead, since the ionic strength
of the waters considered may be as high as 2 M, or more. However, this approach has not yet been
implemented in the geochemical codes that are available. Comparisons between both approaches
have been conducted, when possible, and show small differences.

Concerning (Ra,Ba)SO, co-precipitation, sufficient amounts of Ba®* and SO,> or BaSO,, is generally
expected to exist for the co-precipitate to form in the void between the spent fuel and canister. The
co-precipitate is also expected to form within the expected temperature range and range of water
compositions (Grandia et al. 2008).

3.4.6 Conceptual uncertainty

The solubility assessment reported in Duro et al. (2006a) is focused on the very-near field, when
water enters the canister void and interacts with the spent fuel.

The most significant conceptual uncertainties concerning to the capacity of the data and model used
to represent the reality are presented below.

The composition of the interacting groundwater

Although this could be seen a priori as data uncertainty, there is a non-trivial conceptual component

associated with the water composition. It is very likely that groundwater interacts with the engineering

barriers before contacting the spent fuel. In the currect assessment the reaction between the ground-

water and the buffer is suggested to be neglected in the solubility calculations. The justification for

this is:

» Elemental solubilities are active for very long time frames. “Conditioning” of the groundwater by
accessory minerals (carbonates) in the buffer is expected have relatively short duration, or to have
small impact on the overall composition.

» lon-exchange reactions will have limited impact on solubilities.
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The reaction between the cast iron insert and the groundwater is considered throughout the assess-
ment. This is done by an adjustment of the redox conditions in the interior of the canister, based on
the equilibrium of magnetite/goethite. The corrosion products of the cast iron insert can be expected
to control the redox potential for all timescales.

Precipitation of pure solid phases and mixed solid phases

Except for (Ra,Ba)SO, co-precipitate, calculations implying the formation of mixed solid phases have
not been conducted. This approach may be seen as non-realistic given the expected low concentrations
of the elements originating from the spent fuel matrix, but it is based on the following facts:

» The solubility assessment applies to the void between the spent fuel and the canister which implies
low water volumes; so that even limited radioelement release can result in concentrations high
enough as to reach the solubility limit with respect to pure solid phases.

* No presence of major minerals frequently occurring in geochemical systems is expected inside
the canister, except for minerals produced by corrosion. This a priori excludes the possibility that
calcite and fracture filling material can act as substrates for radionuclide co-precipitation.

* Although phases produced by the canister corrosion may act as substrates for retention and
co-precipitation of radionuclides, the uncertainty associated with assessing the formation of mixed
solid phases is much higher than the uncertainty associated with the assumption of pure solid phases
governing the individual radioelement concentrations.

The co-precipitation of Ra-Ba sulphate is a very well-known process. The affinity of radium to barium
sulphate was first reported by Marie Curie in her radium discovery work (Curie et al. 1898). The fact
that the process occurs in nature is undisputed (Grandia et al. 2008). There are two main potential
scenarios for (Ra,Ba)SO, co-precipitation in the vicinity of the spent fuel.

» Co-precipitation of primary Ra-226 as generated and released contemporaneously with Ba from
spent fuel and the sulphate present.

» Surface precipitation of Ra-226 on existing BaSO,(s). This initial surface precipitate would evolve
towards a Ra(II)-Ba(II) sulphate solid solution by re-crystallisation and/or Ra*" diffusion into the
BaSO,(s) lattice.

Within the canister, the second scenario is primarily of interest. Although the thermodynamics favours
co-precipitate, there is still the question of kinetics. Grandia et al. (2008, Section 4.5) states that even
if all the direct and indirect evidence points towards a fast incorporation of Ra(II) onto an existing
Ba(Il) sulphate structure, there is a need to perform a devoted mechanistic study to fully back up the
macroscopic findings. Such a study was carried out by Bosbach et al. (2010) and the results indicate
for a relatively rapid incorporation of Ra in the barite structure. Further studies by Weber et al. (2017)
provides insight into the mechanism on Ra uptake in barite, highlighting the importance of pores and
defects in the pre-existing barite crystals for the observed rapid kinetics.

Crediting amorphous over crystalline phases

Amorphous or less crystalline solid phases have been credited over crystalline phases. This assump-
tion may not necessarily be true for high temperatures and long time periods, when crystalline phases
may form. As crystalline phases have lower solubility than amorphous ones, this assumption is
pessimistic.

Metallic and native phases

No metallic phases have, in principle, been considered, given the very slow kinetics of precipitation
of this type of phases under the conditions of interest. This approach is, nevertheless, associated with
a certain level of uncertainty and in some cases (e.g. Pd, Ag, Se, and Tc) the role of a metallic phase
as a solubility limiting phase has been discussed in Duro et al. (2006a).
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The process of reduction of sulphate to sulphide

This process has not been considered in the reference case. The abiotic (thermochemical) reduction
of sulphate to sulphide is such a slow process that it has not been observed at temperatures below
~ 200 °C (e.g. Goldstein and Aizenshtat 1994). The reduction is accelerated with the presence of
sulphate reducing bacteria (SRB). Having SRB present will assist this reaction and will have impact
on the solubility limit for elements limited by sulphate solids. For the SRB to be active, they need
electron donors, for example hydrogen, as well as a carbon source. Assuming a carbon source will be
available, the effect of SRB on the sulphate concentration inside the failed canister depends on the
relative concentrations of sulphate and hydrogen (or other electron donors). The sulphide produced
could give very low solubilities for certain radioelements (e.g. nickel), but no sulphide phases are
considered in the solubility assessment.

The process of reduction of carbonate to methane

This process has not been considered in the reference case. However, it is thermodynamically plausible
if temperature increases and/or biological activity is present. Kudo and Komatsu (1999) studied the
reduction of metal carbonates to methane and concluded that the yield of methane generation reach
a maximum (only of 17 %) at 400 °C and does not occur in the absence of biological activity if the
temperature is below 150-200 °C.

Summary

All these uncertainties do not affect the solubility assessments of the different radioelements in the
same degree. Table 3-22 summarises the conceptual uncertainties identified for each individual radio-
element, as further discussed in Chapter 5 of Duro et al. (2006a).

Table 3-22. Sources of conceptual uncertainty identified for each one of the radioelements under
study (Duro et al. 2006a). No uncertainties of this type have been identified for radioelements not
included in the list.

Element Associated uncertainty

C Reduction to CH,(g).
Sr S0O,* to HS™ reduction.

Possibility of co-precipitation with other elements’ carbonates.
Ra S0O,% to HS-reduction.

Possibility of co-precipitation with other elements’ carbonates.
Sn S0O,* to HS™ reduction.
Pb* S0O,* to HS™ reduction.
Se Formation of native Se®.

S0O,* to HS™ reduction.

Zr Crystallinity of the solid phase.
Tc Formation of metallic Tc°.

Ni S0O,* to HS™ reduction.

Pd Formation of metallic Pd°.

Ag Formation of metallic Ag°.

S0O,* to HS™ reduction.

Th Crystallinity of the solid phase.
U Silicate solid precipitation.

Np Crystallinity of the solid phase.
Pu SO,* to HS™ reduction.

* Uncertainty concerning Pb is discussed in Grivé et al. (2010b).

SKB TR-21-06 95



3.4.7 Data uncertainty due to precision, bias, and representativity

In Chapter 6 of Duro et al. (2006a) a discussion on data uncertainty is given, where the contributions
from precision, bias, and representativity to the overall data uncertainty have been identified.

Concerning the matter of (Ra,Ba)SO, co-precipitation, this is discussed under a separate heading at
the end of this section.

Precision

Precision of solubility data reported from laboratory and field measurements is described in the original
sources from which data have been extracted. The influence of the precision of the measurements is
included in the sensitivity analyses conducted for the solubility assessment of each radioelement in
Chapter 6 of Duro et al. (2006a).

The uncertainty of solubility limits, as calculated in the SR-Site safety assessment, is affected by the
precision of the input data used in the calculations. This mainly concerns groundwater compositions
and SKB-TDB thermodynamic data. Precision of groundwater data compositions is discussed in
Section 6.1. Precision of thermodynamic data is specifically reported in Duro et al. (2006b) and in
Grivé et al. (2010b), and further discussed in Grivé et al. (2013b).

Bias

Data on concentrations of elements obtained from spent fuel dissolution experiments, gathered in
Chapter 4 of Duro et al. (2006a), are biased due to the variability in the experimental conditions and
to the difficulty of maintaining reducing conditions in the experiments. This would result in reported
measured values in different publications that are higher than the actual solubility values expected
to prevail under reducing conditions. This is especially relevant for the concentrations measured for
uranium, due to its redox sensitivity. Experimental data of solubilities for other radioelements can be
more importantly biased due to the high ionic strengths used in some of the experiments. Bias due to
the data scarcity must be also considered.

Representativity

The data presented should be representative for a canister in a KBS-3 repository, under ambient condi-
tions. In Duro et al. (2006a) different categories of data have been used as sources of information:

» Radioelement inventory and occurrence in rocks and minerals.
* Radioelement concentrations from laboratory spent fuel experiments.
» Radioelement concentrations in natural waters.

» Radioelement inventories and aqueous concentrations in natural analogue sites.

The way these data have been acquired varies and depends on several factors: the study performed; the
institution doing it; the measured radioelement; natural variability; etc. The individual acquisition and
treatment procedure is described in the original source. However, these sets of data have been selected
after a critical revision of both the quality of data and their usefulness for the solubility assessment
of the very-near field of a KBS-3 repository. Data of poor or uncertain quality, or data obtained under
conditions far from those expected, have not been used.

Each category of data relies on data compiled from several authors, obtained at different conditions
and for different purposes. Data selection has been done, thus, with the aim to cover the whole range
of conditions expected in the studied scenarios, ensuring the representativity of each of these categories
of data.

One specific uncertainty affecting representativity of the solubility data concerns the phosphate
concentration in groundwaters. This uncertainly is now reduced by strutinizing the effects of a range
of relevant phosphate concentrations on the radioelements investigated (Grivé et al. 2013a). Previous
work indicated phosphate complexes would not be important for speciation, and that it was doubtful
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whether phosphate phases could control radioelement solubilty (Duro et al. 2006a). The new analyses
by Grivé et al. (2013a) show that this was a correct conclusion for the many of the of analysed
radioelements. However, in some conditions, including phosphate in the caluclations will lower the
solubility limits for some trivalent lanthanides and actinides. This means that excluding phosphate
from the calculations is a conservative approach.

In Duro et al. (2006b) the procedure for both logK selection and uncertainty assignment is fully docu-
mented. Further discussion and supporting arguments concerning existing and assigned uncertainty
to the thermodynamic data is provided by Grivé et al. (2013a). The database used in the calculations
considers the most relevant aqueous species and solid phases in a KBS-3 repository environment.

A major representativity issue is the effect of temperature on the stability of aqueous species and solid
compounds. The input data to, and output data from, the Simple Functions spreadsheet apply at 25 °C.
Due to the presence of the spent fuel, it is foreseen that the temperature initially can reach up to 100 °C.
However, after longer time periods, when canister failure may occur, the activity of the spent fuel has
substantially decreased wherefore elevated temperatures are not expected. Therefore, the ambient
temperature is likely to be lower than 25 °C. At temperate climate the ambient temperature is expected
to be around 15 °C, while at periglacial conditions the temperature may drop to just above freezing
(cf Section 7.1).

It would have been preferable to be able to correct all logK data, so that they represent a range of
temperatures. However, due to lack of enthalpy data this has not been possible in the Simple Function
spreadsheet. To investigate the data uncertainty introduced by this limitation, a sensitivity study was
performed in Grivé et al. (2010a) including the radioelements Ni, Np, Se, Th, and U. The data delivered
from the Simple Functions spreadsheet was compared with data delivered from the program HYDRO-
MEDUSA (Puigdomenech 2002), at 0 °C, 10 °C, 25 °C, 40 °C, 70 °C, and 100 °C. A comparison is
shown in Figure 3-7, in terms of dissolved radioelement concentration at the solubility limit.

The (limited) sensitivity study indicates that for most radioelements, the solubility limits delivered
by the Simple Functions spreadsheet are adequate or overestimated for temperatures at or below

2 °C. However, nickel shows that there are exceptions where the solubility increases with decreasing
temperature.
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Solubility limiting phases

Figure 3-7. Results from a sensitivity study on the influence of temperature on the solubility limit. Image
reproduced from Figure 4-5 of Grivé et al. (2010a).
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The issue of temperatures was further investigated by Grivé et al. (2013b). The conclusions of this
deeper analysis, looking at a temperature range from 0 to 90 °C , are that radionuclide solubilities
might differ up to two orders of magnitude from that at 25 °C. Due to scarcity on enthalpy data,
specifically lack of enthalpy data for the selected solid phase, U is an exception and this strongly
affects the calculated solubilities at different temparatures. The data for U therefore presents differ-
ences of up to five orders of magnitude. The effect of availability of enthalpy data is clear when
observing the results for Np, where enthalpy data does exist for the selected solid phase, the increase
in solubility at higher temperature is within one order of magnitude. For other elements, such as Sm,
Ho, Pu, and Am, large variations are observed for some conditions. The results can be explained both
in terms of predicted domainant speciation in the aqeuous solution, and lack of enthalpy data for a
number of relevant species.

Ionic strength activity corrections have been considered in the calculation of radioelement solubility.
Although the most appropriate procedure to conduct activity corrections in the ionic strength range
studied (10~ to 2 mol/dm?) is the Specific Interaction Theory (SIT), as recommended by the NEA
guidelines, this approach is not yet implemented in the geochemical codes used in Duro et al. (2006a).
The codes used in Duro et al. (2006a), which are HY DRA-MEDUSA and PhreeqC, both use the
extended Debye-Hiickel approach. Therefore, Debye-Hiickel is used in the calculations of solubility
(cf Section 3.3.1 of Duro et al. 2006a). Nevertheless, calculations have been done with both approaches
whenever possible and results consistently compare. The largest differences are found in solubilities
calculated at saline water composition, and in the case the aqueous speciation is dominated by highly
charged species which stability is much dependent on the ionic strength, e.g. silver chlorides.

Table 3-23 summarises sources of representativity uncertainties identified for each individual radio-

element. These uncertainties are discussed in Chapters 5 and 6 of Duro et al. (2006a).

Table 3-23. Sources of identified representativity uncertainties No uncertainties of this type have
been identified for radioelements not included in the list.

Element Associated uncertainty

Ra Temperature dependence of solubility limit
Ni Temperature dependence of solubility limit
Nb Scarcity of data in TDB.

Se Temperature dependence of solubility limit
Sm Effect of phosphates in water.

Stability of the solid hydroxo-carbonate.
Lack of enthalpy data for aqueous species. Temperature dependence of solubility limit

Ho Effect of phosphates in water.
Stability of the solid hydroxo-carbonate.
Lack of enthalpy data for aqueous species. Temperature dependence of solubility limit

Th Uncertain thermodynamic data for aqueous carbonates.
Pa Lack of thermodynamic data.
U TDB data on solid stability.

Temperature dependence of solubility limit

Pu Effect of phosphates in water.
Stability of the solid hydroxo-carbonate.
Temperature dependence of solubility limit

Am/Cm Effect of phosphates in water.
Stability of the solid hydroxo-carbonate.
Cm: Lack of thermodynamic data
Temperature dependence of solubility limit

* Uncertainty concerning Pb is discussed in Grivé et al. (2010b).
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Radium barium co-precipitation

Special attention is given to the matter of co-precipitation, as new data are presented in this Data
report that has not been presented in supporting documents. The approach taken to account for
co-precipitation is simplistic and delivers for most time periods pessimistic results. In essence

the Ra/Ba ratio inside of the canister is estimated based on inventory data and radioactive decay
calculations. The calculation carried out in Chapter 3 of Grandia et al. (2008) for ATM-104 spent
fuel was repeated for the spent fuels of the two type canisters PWR I and BWR I SKB (2010b) For
these fuels, the Ra/Ba ratio varies with time from extremely low values (~ 107 after about 40 years
when the fuel is placed in the canisters) to a peak value of about 3 x 10~ years after 100000 years,
as illustrated in Figure 3-8. The Ra/Ba ratios calculated using the different fuels (ATM-104, BWR 1,
PWR I) are very similar (Grandia 2013).

A safety margin is added to this peak value and the Ra/Ba ratio of 10 is pessimistically assumed

during the entire repository evolution period. As is shown by Grandia (2013), only limited, if any,

Ba transport out of the canister is expected and therefore this process cannot significantly change the
ratio. It is clear from Figure 3-8, that this ratio best represents the situation at ca 100000 years, while
the ratio is much smaller at earlier times. This ratio is recommended to be used as a correction factor
that is multiplied with the Ra®" concentration, as calculated from the Simple Function spreadsheet
when disregarding co-precipitation, using RaSO,(s) as the solubility limiting phase.

3.4.8 Spatial and temporal variability of data (text reproduced from SR-Site
Data report)
Natural heterogeneity is considered by determining the solubility limits and solubility limiting phases

for the entire range of different groundwater compositions, which in turn represent different spatial
and temporal conditions expected in the repository over long timescales.
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Figure 3-8. Time evolution of the molar ratio between Ra and Ba in unaltered spent fuel calculated for
BWR I and PWR 1 type canisters.
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3.4.9 Correlations

Geochemical calculations are by themselves a set of closely related correlations between different
parameters, usually named primary parameters. The simple calculation of the aqueous speciation of a
chemical element is thus the solution of a set of equations in which different parameters, such as pH,
redox conditions, or ligand concentrations are correlated. Because of that, geochemical codes that are
especially devoted to solve this type of complex equations have been used. Therefore, it is evident that
dependences between parameters have been used to identify the solid phases controlling the elements’
solubility under the selected conditions.

The main correlations used are:

» Equilibrium reactions between aqueous species.
» Equilibrium reactions between solid phases and aqueous solutes.
» Calculation of the ionic strength corrections by means of the extended Debye-Hiickel reaction.

More information about the treatment of these correlations can be found in the code manuals
and descriptions (Parkhurst and Appelo 2001, Puigdomenech 2002) and in general chemical and
geochemical literature.

Not all the correlations between parameters have the same importance. Table 3-24, which includes
Table 3-4 of Duro et al. (2006a), indicates the main parameters affecting the behaviour of the studied
radioelements. Special attention was paid to these parameters in Duro et al. (2006a).

Table 3-24. Main geochemical parameters affecting the geochemical behaviour of each radioelement
under study. Shadowed cells indicate that the element in the row is sensitive to pH and/or pe, within
the range of variability of the parameter studied. All information from Duro et al. (2006a) and Grive at
al. (2010b), except for Ra-Ba co-precipitation where information is taken from Grandia et al. (2008).

Element @ pH pe Ligand/species
C Ca*

Cs CI-

Sr COs*, SO>
Ra COs*, SO,%, CI, Ba**, BaSO, ™
Sn Ca*

Pb CO,*, CIr

Se Fe(ll)

Zr -

Nb -

Tc -

Ni -

Pd CI-

Ag CI-

Sm CO*

Ho CO=

Th CO*

Pa -

U CO,*, Ca*, Si(OH),
Np CO=

Pu CO*~

Am and Cm COs*

a) The excluded elements H, Cl, and | are suggested to have no solubility limit in safety assessment modelling.

b) The two components Ba** and BaSO, are not directly included in the assessment. They are only included by
way of determining the correction factor for co-precipitation.

As mentioned also in in the Radionuclide transport report, calculations using thermodynamic data should
ideally take into account correlated uncertainties, since in general, equilibrium constants are correlated.
However, necessary correlation data required for the calculations is rarely published, and therefore this
kind of correlation is not included in the calculations. This generally results in pessimistic overestimates
of the uncertainties in the calculated solubilities.
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3.4.10 Result of supplier’s data qualification

The customer has requested that a list of relevant solubility limiting phases and associated reactions
are supplied, together with thermodynamic data in form of equilibrium constants. These data are
inputs to the Simple Functions spreadsheet.

In addition, the customer has requested that an expression for (Ra,Ba)SO, co-precipitate should be
delivered, together with guidance on how to incorporate this information in the safety assessment.

Solubility limiting phases

The solubility limiting phases for the radioelements, selected according to the expert judgement
procedure presented in Duro et al. (2006a), are found in Table 3-25. The solubility assessment for Pb
is reported in Grivé et al. (2010b).

Table 3-25. Recommended solubility limiting phases. All data taken from Duro et al. (2006a),
except for Pb data taken from Grivé et al. (2010b).

Radioelement Recommended solubility limiting phase

H Suggested to have no solubility limit in Safety assessment modelling.
C Suggested to have no solubility limit in Safety assessment modelling.
Cl Suggested to have no solubility limit in Safety assessment modelling.
Ni NiCOs(s), Ni(OH),(s).

Se FeSe(s), Feq,Se(s), Se(s).

Sr Celestite (SrSQOy(s)), Strontianite (SrCOs(s)).

Zr Zr(OH),(s).

Nb Nb,Os(s).

Tc TcO,1.6H,0(s), Tc(s).

Pd Pd(OH),(s).

Ag AgCI(s).

Sn SnO,(s), Ca[SnOg].

| Suggested to have no solubility limit in Safety assessment modelling.
Cs Suggested to have no solubility limit in Safety assessment modelling.
Sm Sm,(CO3)s(s), Sm(OH)s(am), SMOHCO,4(s).

Ho Ho,(CO3),(s), Ho(OH);(am).

Pb PbCOs(s), PbsCO3(OH),(s), PbCIOH(s).

Ra RaSO,(s), RaCO4(s), Ra,Ba;,SO4(s).

Th ThO, 2H,0(s).

Pa Pa,Os(s).

U UO,-2H,0(s), Coffinite, Schoepite, CaUO,(s), Becquerelite, Uranophane.
Np NpO,-2H,0(s), Np,Os(s), NaNpO,COs(s).

Pu Pu(OH)4(s), Pu(OH)s(s), PuCO;0H(s).

Am AmMOHCO;(s), Am(OH);(am), Am,(COs)s(s), Am(CO;3),Na-5H,0(s).
Cm CmOHCO4(s), Cm(OH)z(am).

Reactions and thermodynamic data

The reactions and thermodynamic data presented in Table 3-26 to Table 3-29 are recommended as
input data to the Simple Function spreadsheet.
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Table 3-26. Reactions and equilibrium constants recommended for use in the Simple Functions
spreadsheet, valid at 25 °C (1/4).

Species Reaction logK® AlogK®
Groundwater CaOH* Ca* + H,0 = CaOH' + H* -12.78 0.30
species FeOH" Fe? + H,0 = FeOH" + H* -9.50 0.10
Fe(OH)s(aq) Fe? + 0.250,(g) + 2.5H,0 = Fe(OH),(aq) + 2H" —4.80 1.06
Fe(OH),” Fe? + 0.250,(g) + 2.5H,0 = Fe(OH),” + 3H* ~13.84 0.08
Calcite Ca? + CO,* = CaCO, 8.48 0.02
HCO;~ H* + CO,* = HCO;~ 10.33 0.02
CaCOs(aq) Ca?" + COz> = CaCO, 3.22 0.14
CaHCO;" Ca* + CO;* + H' = CaHCO;" 11.44 0.09
NaCO;” Na* + CO4* = NaCO;,” 1.27 0.30
NaHCO, Na* + COz* + H* = NaHCO, 10.08 0.30
FeCOs(aq) Fe? + CO:2 = FeCO4(aq) 4.38 1.31
FeHCO," Fe?* + CO* + H" = FeHCO;* 12.33 0.30
HSO, H" + S0, = HSO,” 1.98 0.25
CaS0,(aq) Ca? + SO,* = CaSO, 2.30 0.30
NaSO,” Na* + SO, = NaSO,” 0.70 0.30
FeHSO," Fe?* + SO,> + H' = FeHSO," 3.07 0.30
FeSO,(aq) Fe?" + SO,% = FeSO,(aq) 2.25 0.05
FeCl* Fe?* + CI" = FeClI" 0.14 0.23
Sr SrOH* Sr?* + H,0O = SrOH* + H* -13.29 0.30
SrC0Os(aq) Sr¥" + CO,* = SrCO4(aq) 2.81 0.05
SrHCO;* Sr?* + CO,* + H' = SrTHCO," 11.51 0.05
Srso, Sr?* + SO,2 = SrS0,(aq) 2.29 0.26
SrCI* Sr?* + ClI” = SrCI* 0.32 0.12
SrCO4(strontianite)  SrCOs(s) = Sr** + CO,* -9.27 0.30
SrSO,(celestite) SrSO,(s) = Sr** + SO,* —-6.63 0.30
Ra Ra(OH)* Ra? + H,0 = Ra(OH)* + H* -13.50 0.25
RaCOs(aq) Ra%* + CO4% = RaCO;, 2.50 0.40
RaS0,(aq) Ra*? + SO, = RaSO, 2.75 0.10
RaCl* Ra*? + CI" = RaCl" -0.10 0.30
RaCO4(s) RaCO4(s) = Ra? + CO,Z -8.30 0.30
Ra(SO,)(s) Ra(S0,)(s) = Ra? + SO,* -10.26 0.09
zr Zr(OH)4(aq) ZF¥* + 4H,0 = Zr(OH),(aq) + 4H* -2.19 1.70
Zr(OH),(am,fresh)  Zr(OH),(s) + 4H* = Zr** + 4H,0 -3.24 0.10
Zr(OH),(am,aged)  Zr(OH),(s) + 4H" = Zr*" + 4H,0 -5.55 0.20
Nb Nb(OH),* NbO;™ + 2H* + H,0 = Nb(OH),* 6.90 0.02
Nb(OH)s(aq) NbO,™ + H* + 2H,0 = Nb(OH)s(aq) 7.34 0.02
Nb,Os(s) Nb,Os(s) + H,0 = 2NbO,™ + 2H" —24.34 0.04
Tc TcO? TCO(OH), + 2H* = TcO?* + 2H,0 4.00 1.42
TcO,~ TcO(OH), +0.75 O, = TcO,” + 0.5 H,O + H* 32.94 2.05
TcO(OH)* TcO(OH), + H* = TcO(OH)" + H,0 2.50 0.30
TcO(OH)y™ TcO(OH), + H,0 = TcO(OH);™ + H* -10.90 0.40
Tc(CO;)(OH), TCO(OH), + COzZ + 2H* = Te(CO,)(OH), + H,0 19.30 0.30
Te(OH),(CO,) TcO(OH), + COs> + H* = Te(OH)(CO,)” 11.00 0.60
TcO,'1.63H,0 TcO, 1.63H,0 = TcO(OH), + 0.63 H,O -8.40 0.50
Ni NiOH* Ni%* + H,O = NiOH" + H* -9.54 0.14
Ni(OH),(aq) Niz* + 2H,0 = Ni(OH),(aq) + 2H"* ~18.00 0.30
Ni(OH),™ Ni?* + 3H,0 = Ni(OH),™ + 3H* -29.20 1.70
NiCI* Ni2* + CI” = NiClI* 0.08 0.60
NiCOs(aq) NiZ* + CO,> = NiCOs(aq) 4.20 0.40
Ni(OH)y(s) Ni(OH),(s) + 2H" = Ni?* + 2H,0 11.03 0.28
NiCO35.5H,0(s)  NiCOs:5.5H,0(cr) = Ni#* + CO:2 + 5.5H,0 -7.52 0.24
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Table 3-26. Continued.

Species Reaction logK® AlogK®
Pd Pd(OH)* Pd? + H,0 = Pd(OH)" + H* -1.86 0.30
Pd(OH), Pd* + 2H,0 = Pd(OH), + 2H* -3.79 0.30
Pd(OH),~ Pd? + 3H,0 = Pd(OH);” + 3H" -15.93 0.30
Pd(OH),* Pd? + 4H,0 = Pd(OH),* + 4H* —29.36 0.04
PdCI* Pd* + CI” = PdCI* 5.10 0.01
PdCl, Pd?* + 2CI" = PdCl, 8.30 0.04
PdCl,” Pd* + 3CI" = PdCl,” 10.90 0.07
PdCI,> Pd? + 4CI” = PdCI,* 11.70 0.09
Pd(OH),(s) Pd(OH),(s) + 2H* = Pd?* + 2H,0 -1.61 1.16
Ag AgCl(aq) Ag*" + CI" = AgCl(aq) 3.27 0.17
AgCl,” Ag' + 2CI" = AgCl,” 5.27 0.37
AgCl,> Ag' + 3CI" = AgCl,> 5.29 0.39
AgClL> Ag* + 4CI" = AgCL> 5.51 1.71
AgOH H,O +Ag’ = AgOH + H* -12.00 0.30
Ag(OH),” 2H,0 +Ag" = Ag(OH),” + 2H" —24.00 0.10
AgOH(s) AgOH + H* = Ag* + H,0 6.30 0.05
AgCl(cr) AgCl(cr)=Ag" + CI” -9.75 0.04

Table 3-27. Reactions and equilibrium constants recommended for use in the Simple Functions
spreadsheet, valid at 25 °C (2/4).

Species Reaction logK® AlogK®
Sn  Sn(OH) Sn** + 2H,0 = Sn(OH)" + 0.50,(g) + 3H" -40.28  0.39
Sn(OH),(aq) Sn* + 3H,0 = Sn(OH),(aq) + 0.50,(g) + 4H" 4428  0.39
Sn(OH),(aq) Sn** + 4H,0 = Sn(OH), + 4H" 053 067
Sn(OH)s™ Sn** + 5H,0 = Sn(OH)s™ + 5H* -853 073
Sn(OH)Z Sn* + 6H,0 = Sn(OH)e> + 6H" -18.93  1.00
Sn0O,(am) SnO,(am) + 4H* = Sn* + 2H,0 677 073
Ca[Sn(OH)g](s) Ca[Sn(OH)g](s) + 6H" = Sn** + 6H,0 + Ca** 854 074
Se HSe™ SeOQ,* + H" = HSe™ + 20, —84.61 0.44
Se0,* Se0,% = Se0,* +0.50, -13.50 0.34
Se?” Se0,* =Se* + 20, -99.52 0.77
H,Se Se0,* +2H" = H,Se + 20, -80.76 0.67
HSeO;” Se0Q,* + H" = HSeO; + 0.50, -5.15 0.41
H,SeO; Se0,* + 2H" = H,Se0; + 0.50, -2.51 0.43
HSeO,” Se0,* + H" = HSeO,” 1.75 0.10
CaSeO, SeO,* + Ca* = CaSeO, 2.00 0.10
FeSe,(s) FeSe,(s) + 3.50, + H,O = 2Se0,* + Fe?* +2H" 110.55 2.80
Fe;uSe(s) Fe 0Se(s) + 2.020, + 0.08H* = Se0,* + 1.04Fe** + 0.04H,0 82.87 0.92
Se(s) Se(s) + 1.50, + H,0 = Se0Q,* + 2H" 35.44  0.56
Th  Th(OH)* Th* + H,0 = Th(OH)* + H* 250 050
Th(OH),2* Th* + 2H,0 = Th(OH),>* + 2H* -6.20  0.50
Th(OH), Th* + 4H,0 = Th(OH), + 4H" -17.40  0.70
Th(CO,)(OH)s™ Th* + CO,% + 3H,0 = Th(CO5)(OH),™ + 3H* 370 070
Th(COs)(OH)>" Th* + CO2" + 4H,0 = Th(CO,)(OH)2 + 4H* -1560  0.60
Th(CO3)s" Th* + 5CO:2" = Th(CO4)s* 31.00  0.70
Th(OH)(CO5).* Th* + 4C0O.2 + H,0 = Th(OH)(CO,),% + H* 2160 050
Th(CO4),(OH),% Th* + 2C0:2 + 2H,0 = Th(CO4),(OH),> + 2H* 8.80  0.50
Th(SO.)?* Th* + SO = Th(SO,)* 617  0.32
Th(SO.), Th* + 2S0,2 = Th(SO,), 969 027
Th(SO.)2 Th* + 3502 = Th(SO,)s>" 1075  0.07
ThCP** Th* + CI" = ThCP** 1.70 0.10
ThO,-2H,0(am, aged) ThO,-2H,0(am) + 4H* = Th* + 4H,0 8.50  0.90
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Table 3-27. Continued.

Species Reaction logK® AlogK®
Pa  PaO,(OH)aq) Pa0," + H,0 = PaO,(OH)(aq) + H* 450 0.20
Pa,0s(s) Pa,0s(s) + 2H* = 2Pa0," + H,0O —4.00 1.00
U UO,0OH* UO,** + H,0 = UO,OH" + H* -5.25 0.24
UO,(OH),(aq) UO,? + 2H,0 = UO,(OH),(aq) + 2H* 1215 0.07
UO,(OH);~ UO,* + 3H,0 = UO,(OH),™ + 3H" -20.25 1.05
UO,(OH),z UO,2* + 4H,0 = UO,(OH),> + 4H" -3240 0.68
(UO,)s(OH)s* 3U0.2 + 5H,0 = (UO,);(OH)s* + 5H* 1555  0.12
(UO,)s(OH),” 3U0,2* + 7TH,0 = (UO,)s(OH),” + 7H* ~3220 0.80
UO,COs(aq) UO,? + CO4* = UO,CO4(aq) 994 003
UO,(COy),> UO,? + 2C0O:2 = UO,(CO,),> 16.61  0.09
UO,(COs)s* U0, + 3C0,2 = UO,(COs)s*" 21.84  0.04
(UO,),CO3(0OH);~ 2U0,% + COz* + 3H,0 = (UO,),CO4(OH);™ + 3H" -0.86 0.50
uo,” UO,* + 0.5H,0 = UO," + 0.250, + H* -19.30 0.02
U(OH),* U0, + 2H,0 = U(OH)," + H* + 0.50, 3722 1.00
U(OH)4(aq) UO,? + 3H,0 = U(OH)4(aq) + 2H* + 0.50, 4252 1.40
U(CO,),* UO,* +4C0O,* + 2H" = U(CO,),* + 0.50, + H,O 2.60 0.93
UO,-2H,0(am) UO,-2H,0(am) + 2H* + 0.50, = UO,** + 3H,0 34.02 1.09
Coffinite USiO,(s) + 2H" + 0.50, + H,0 = UO,*" + H,SiO, 31.02 6.57
Schoepite UO;-2H,0(s) + 2H" = UO*" + 3H,0 5.96 0.18
CaU,0;:3H,0(s) CaU,0;:3H,0 + 6H" = 2U0,?" + Ca*" + 6H,0 23.40 1.00
Becquerelite Ca(U0,)s04(0OH)s-8H,0 + 14H" = Ca* + 6UO,*" + 18H,0 29.00 1.00
Uranophane Ca((U0,),Si0;0H),-5aq + 6H" = Ca*" + 2U0O,*" + 2H,Si0, + 5H,0 942 5.06

Table 3-28. Reactions and equilibrium constants recommended for use in the Simple Functions
spreadsheet, valid at 25 °C (3/4).

Species Reaction logk®  AlogK®
Np  Np(OH)," Np** + 3H,0 = Np(OH)," + 3H"* —2.80  1.00
Np(OH), Np** + 4H,0 = Np(OH), + 4H* -8.30 1.10
Np(CO,),* Np** + 4CO,> = Np(CO,),* 36.68 1.03
Np(OH),(COs)* Np* + CO,* + 4H,0 = Np(OH),(CO5)*" + 4H* -6.83 1.13
NpCO;4(OH)," Np* + CO4* + 3H,0 = NpCO4(OH),™ + 3H* 3.82 1.13
Np(OH),(COs),* Np** + 2C05* + 2H,0 = Np(OH),(CO;),* + 2H" 1517  1.50
NpO,* Np** +0.250, + 1.5H,0 = NpO," + 3H" 1057 0.12
NpO,OH Np* + 0.250, + 2.5H,0 = NpO,OH(aq) + 4H* -0.73  0.71
NpO,(OH), Np** + 0.250, + 3.5H,0 = NpO,(OH),” + 5H* -13.03 0.51
NpO,(CO,)" Np* + 0.250, + CO.2" + 1.5H,0 = NpO,CO,™ + 3H* 1553  0.13
NpO,(CO,),* Np** + 0.250, + 2CO;% + 1.5H,0 = NpO,(CO,),% + 3H* 1710 0.16
NpO,(OH), Np** + 0.50, + 3H,0 = NpO,(OH),(aq) + 4H" -045 1.51
NpO,(CO,),* Np* + 0.50, + H,0 + 2C0,* = NpO,(CO5),* + 2H" 28.28 0.74
NpO,(CO4)s* Np** + 0.50, + H,0 + 3CO:2" = NpO,(CO,)s*~ + 2H* 3113 0.24
NpO,-2H,0(am) NpO,-2H,0(am) + 4H* = Np** + 4H,0 -0.70  0.50
NpO,OH (am, aged) NpO,OH(am) + 4H" = Np** + 0.25 O, +2.5H,0 -5.87 0.23
NpO2(CO3)Na-3.5aq NpO,CO;Na-3.5H,0 + 3H" = Np** + 0.250, + 5H,0 + CO,* + Na* -21.57 0.27
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Table 3-28. Continued.

Species Reaction logk®  AlogK®
Pu PuOH* Pu* + H,0 = PUOH?" + H* -6.90 0.30
Pu(OH)," Pu®* + 2H,0 = Pu(OH)," + 2H* -15.90 1.00
Pu(OH),(aq) Pu® + 3H,0 = Pu(OH),(aq) + 3H" -25.30 1.50
PuCO;* Pu* + CO;* = PuCO;" 764 0.86
Pu(CO;),” Pu* +2C0O,* = Pu(CO,), 12.54 0.86
Pu(CO,)s* Pu* + 3C0O,* = Pu(CO;)s* 16.40 1.40
PusO,* Pu** + SO,* = PuSO,* 3.91 0.66
Pu(SO.)," Pu®* + 2S0,2 = Pu(SO,),” 570 0.91
Pu(OH)," Pu®* +0.250, + 2.5H,0 = Pu(OH)," + 2H"* 079 0.73
Pu(OH),(aq) Pu* +0.250, + 3.5H,0 = Pu(OH),(aq) + 3H" -5.41 0.84
Pu(CO5)s" Pu®* + 0.250, + 4CO;2 + H' = Pu(CO;,),*" + 0.5H,0 4009 129
PuO,* Pu* + 0.50, + H,O = PuO," + 2H" 6.42 0.96
PuO,CO;” Pu* +0.50, + CO5* + H,0 = PuO,CO; + 2H" 11.54 097
PuO,(OH),(aq) Pu* + 0.750, + 2.5H,0 = PuO,(OH),(aq) + 3H" -1.82  1.91
Pu0,C0O4(aq) Pu®* +0.750, + CO;* + 0.5H,0 = PuO,COs(aq) + H* 20.88 1.29
PuO,(CO,),* Pu + 0.750, + 2CO;* + 0.5H,0 = PuO,(CO;),* + H* 26.08 1.29
PuO,(CO3)s* Pu* + 0.750, + 3CO,* + 0.5H,0 = PuO,(CO5);* + H" 29.38 1.29
Pu(OH),(s) Pu(OH)s(cr) + 3H* = Pu® + 3H,0 15.80 1.50
PuCO,0H(s) PuCO;0H(s) + H" = Pu®" + CO,* + H,0 -594 1.26
Pu(OH).(s) Pu(OH).(s) + 3H* = Pu®* + 0.250, + 3.5H,0 -3.89 147
PuO,(OH),:H,0 PuO,(OH),:H,0 + 3H" = Pu** + 0.750, + 3.5H,0 -585 1.55
Am Am(OH)? Am® + H,0 = Am(OH)? + H* -7.20 050
Am(OH)," Am®* + 2H,0 = Am(OH)," + 2H* -15.10  0.70
Am(OH), Am?®* + 3H,0 = Am(OH), + 3H"* -26.20 0.50
Am(CO,)" Am*" + CO;* = Am(CO,)" 8.00 0.40
Am(CO,),” Am® + 2C0,2 = Am(CO,),” 12.90  0.60
Am(CO,)s> Am?® + 3C042 = Am(CO,)s 15.00  1.00
AmHCO;* Am** + H" + CO,* = AmMHCO,* 13.43 0.30
Am(SO,)* Am* + S0,2 = Am(SO,)" 3.30 0.15
Am(SO,), Am® +2S0,2 = Am(SO,),” 3.70 0.15
AmCI*? Am®* + CI” = AmCI* 0.24 0.03
AmCI," Am?** + 2CI" = AmCl," -0.74 0.05
Am(OH); (am) Am(OH);(am) + 3H" = Am*" + 3H,0 16.90 0.80
Am(CO;)(OH)(s) Am(CO;)(OH)(s) + H* = Am* + CO,> + H,0 -6.20 1.00
Am2(CO3)3(s) Am,(COs)q(s) = 2Am* + 3CO42 -33.40 2.20
Am(CO;),Na-5H,0(s) Am(CO;),Na 5H,0(s) = Am* + 2CO,* + 5H,0 + Na* -21.00 0.50
Cm Cm(OH)* Cm* + H,0 = Cm(OH)* + H* -7.20 0.50
Cm(OH)," Cm?* + 2H,0 = Cm(OH)," + 2H* -15.10  0.70
Cm(OH); Cm* + 3H,0 = Cm(OH), + 3H" -26.20 0.50
Cm(CO,)* Cm* + CO,* = Cm(CO,)" 8.00 0.40
Cm(COs),” Cm® + 2C04* = Cm(COs),” 12.90 0.60
Cm(CO,) Cm?* + 3C0;2 = Cm(CO,)s 15.00  1.00
CmHCO* Cm* + H" + CO,* = CmHCO4* 13.43 0.55
Cm(SO,)" Cm* + S0,% = Cm(S0,)" 3.30 0.15
Cm(S0,), Cm* +280,% = Cm(S0,), 3.70 0.15
CmcCI* Cm®* + CI" = CmCI* 0.24 0.03
CmcCl," Cm®* + 2CI" = CmCl," -0.74 0.05
Cm(OH); (am) Cm(OH)s(am) + 3H" = Cm** + 3H,0 16.90 0.80
Cm(CO;)(OH)(s) Cm(CO3)(OH)(s) + H" = Cm* + CO;* + H,0 -6.20 1.00
Cm,(COL)s(s) Cm,(COL)s(s) = 2Cm? + 3CO:2 -33.40 2.20
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Table 3-29. Reactions and equilibrium constants recommended for use in the Simple Functions
spreadsheet, valid at 25 °C (4/4).

Species Reaction logK® AlogK®
Sm  SmOH* Sm* + H,0 = SmOH?* + H* -7.90 0.10
Sm(OH)," Sm®* + 2H,0 = Sm(OH)," + 2H" —-16.50  0.20
Sm(OH), Sm* + 3H,0 = Sm(OH), + 3H" —25.90  1.00
Sm(OH),” Sm* + 4H,0 = Sm(OH),” + 4H" -36.90  1.00
SmCO;* Sm* + CO;*” = SmCO;" 7.80 0.50
Sm(COs),” Sm* + 2C0,* = Sm(CO3), 12.80 0.60
SmHCO,* Sm* + CO,> + H" = SmHCO,** 12.43 0.50
SmSO,* Sm* + SO,* = SmSO,* 3.50 0.20
Sm(SO,),” Sm* +280,% = Sm(SO,), 5.20 0.10
SmCP* Sm* + CI- = SmCI* 0.40 0.10
Sm(OH);(am) Sm(OH);(am) + 3H* = Sm*" + 3H,0 18.60 1.00
Smy(CO5)s(s) Smy(CO,)s(s) = 2Sm* + 3CO.2 -3450  2.00
SmOHCO,4(s) SMOHCO4(s) + H' = Sm* + CO,* + H,0 -7.70 0.30
Ho  HoOH* Ho®*" + H,0 = HoOH?" + H* -7.90 0.20
Ho(OH)," Ho + 2H,0 = Ho(OH)," + 2H" -16.10  0.10
Ho(OH); Ho*" + 3H,0 = Ho(OH); + 3H* —24.50 0.10
Ho(OH),~ Ho®* + 4H,0 = Ho(OH),” + 4H" -3340  0.20
HoCO;" Ho®" + CO4* = HoCO5" 8.00 0.40
Ho(COy),™ Ho® + 2C04* = Ho(COs),” 13.30  0.60
HoHCO4* Ho*" + CO,* + H* = HoHCO* 12.50 0.50
HoSO," Ho*" + SO, = HoSO,* 3.40 0.30
Ho(S0,),” Ho®* +2S0,% = Ho(SO,),” 4.90 0.30
HoCI** Ho* + CI” = HoCI** 0.30 0.50
Ho(OH),(am) Ho(OH)s(am) + 3H" = Ho* + 3H,0 17.80 0.30
Ho,(COs)s(s) Ho,(COs)s(s) = 2H0*" + 3CO* -33.80 1.00
Pb PbOH* Pb? + H,0 = PbOH* + H* -7.51 0.50
Pb(OH), Pb? + 2 H,0 = Pb(OH), + 2 H* -16.95  0.20
Pb(OH),” Pb? + 3 H,0 = Pb(OH),” + 3 H* 2720 070
Pb(OH),2" Pb?" + 4 H,0 = Pb(OH)>" + 4 H* -38.90  0.80
PbCO, Pb? + CO5*" = PbCO, 7.00 0.50
PbCI* Pb? + CI” = PbCI* 1.55 0.30
PbCl, Pb?" + 2CI” = PbCl, 2.00 0.30
PbCl,” Pb?" + 3ClI” = PbCl,” 2.01 0.30
PbCIOH (s) PbCIOH(s) + H" = Pb*" + CI” + H,0 0.62 0.30
PbCO; (Cerussite) PbCO; (s) = Pb* + CO* -13.29 0.69
Hydrocerussite Pb3(CO;),(OH), + 2 H* = 3 Pb* + 2 CO;* + 2 H,O -17.91 1.94

Radium barium co-precipitation

As discussed in Section 3.4.7, the Ra/Ba ratio in the PWR and BWR canister will throughout reposi-
tory evolution be below 107 It is suggested to pessimistically assume that this ratio is valid during the
entire time period, resulting in the formula Rag ¢9;Bag000SO,(s). It is furthermore suggested to handle
Ra-Ba co-precipitation by calculating the Ra solubility limit with the Simple Function spreadsheet,
using RaSO,(s) as the solubility limiting phase, and multiplying the outcome by a factor of 0.001. This
treatment is a simplification since it basically means that thermodynamic data for barium is identical to
data for radium, and it is actually the solubility of barium that is calculated.

Recommendations for elements not included in the Simple Functions spreadsheet

The flowing elements are (for the purpose of safety assessment) suggested not to be solubility limited,
and are thus not included in the Simple Functions spreadsheet:

e H,C,ClLI and Cs.
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The following elements of the selected inventory have not been studied by the supplier, and no
recommendation is given:

e Ac, Cd, Eu, and Mo.

These elements are not included in the Simple Functions spreadsheet.

3.4.11 Judgements by the assessment team
Sources of information and documentation of data qualification

The supplier has listed a number of sources of information and sorted numerous of data sets as either
qualified or supporting. The supplier has also justified the sorting. The assessment team agree with
this handling.

Conditions for which data are supplied

The supplier has listed a number of conditions, such as pH, temperature, pH,, etc, for which data are
supplied. As result of the corrosion of iron inside the canister, the redox conditions of the intruding
water is determined by the magnetite/goethite equilibrium, which is used as a condition in the Simple
Functions spreadsheet. The assessment team agree with this handling.

Conceptual uncertainty

The supplier has in detail discussed conceptual uncertainty, and referred to even more detailed discus-
sions. The assessment team agree with this handling.

Data uncertainty due to precision, bias, and representativity

The supplier has in detail discussed data uncertainty, in terms of precision, bias, and representativity,
and referred to even more detailed discussions. The assessment team agree with this handling. An iden-
tified limitation of the data is that solubility limits can only be assessed for 25 °C. It is noted that while
the ambient temperature at the time of canister failure most likely is ca 10 °C lower, the variability
on log(K,,), as a result of a 10 °C temperature difference, is less than the uncertainty of the constant.
For time periods of elevated temperatures, the solubility may be several orders of magnitude higher
for some radionuclides; however, this often is a result of lacking enthalpy data. Since canister failure
during times of significantly elevated temperatures can be excluded, this is only relevant for postulated
“what if” calculation cases. The supplier has investigated the effects of phosphate complexes with the
results showing that excluding phosphate is a pessimistic approach. The aseessment team agree.

Spatial and temporal variability of data

For solubility limits, the supplier argues that accounting for various groundwater compositions handles
spatial and temporal variability. The assessment team agree.

Correlations

The supplier argues that the geochemical calculations by themselves are a set of closely related
correlations. The asessment team agree. Due to lack of correlation data for equilibrium constant
uncertainties, no correlations have been used to calculate uncertainties. The assessment team agrees
with this handling.

Result of supplier’s data qualification

The supplier delivers a number of solubility limiting phases and numerous relevant reactions and
equilibrium constants. For radioelements not included in the Simple Functions spreadsheet, recommen-
dations on how to assess their solubility limit are given. The assessment team agree with the handling.
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The supplier gives no data and no recommendation for Ac, Cd, Eu, and Mo. Ac will not be solubility
limited, and the other elements are of minute significance for assessment results, wherefore one can
pessimistically assume that they are not solubility limited.

The supplier recommends that Ra-Ba co-precipitation is handled by assessing the Ra solubility limit
using the Simple Functions spreadsheet (with RaSQO, (s) as the solubility limiting phase) and multiply-
ing the outcome by a factor of 0.001. The assessment team agree.

3.4.12 Data recommended for use in the assessment

The solubility limiting phases recommended for use in the Simple Functions spreadsheet are given
in Table 3-25.

The reactions and equilibrium constants recommended for use in the Simple Functions spreadsheet
are given in Table 3-26 to Table 3-29. Due to the corrosion of iron inside the canister, the redox condi-
tion should correspond to that determined by the magnetite/goethite equilibrium.

The recommended way of handling radioelements of the selected inventory that are not included in
the Simple Functions spreadsheet, which are Ac, C, Cd, Cl, Cs, Eu, Mo, and I, is to assume that they
are not solubility limited.

The recommended ways to assess the solubility limit of Ra is to use the Simple Functions spreadsheet
with RaSO, (s) as the solubility limiting phase, and to multiplying the outcome by a factor of 0.001.
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4 Canister data

4.1 Data of the intact canister

This section concerns non-trivial geometric data associated with the intact canister. These data are the
initial minimum copper thickness and the void volume of the average canister. The former is used in
copper corrosion calculations while the latter is used mostly for assessing data relevant for radionuclide
transport modelling. Trivial geometric canister data are given in the Canister production report.

This section also concerns the canister’s resistance to mechanical loads (isostatic load, shear loads due
to shear movement of the rock mass surrounding the deposition hole, and asymmetric loads due to
uneven swelling of the bentonite). Of specific concern is the data for the modelling of the response to
shear loads as this is further modelled within the assessment.

411 Modelling

This section describes what data are needed, and in what assessment modelling activities the data are
to be used.

Defining the data need

The data encompass:
* The initial minimum copper thickness d., (m) of the installed canister.

 The void volumes V' (m®) for the fully loaded and the average BWR type canister, for the fully
loaded and the average PWR type canister, and for the average canister.

» Resistance to mechanical loads, in terms of whether the canister complies with the design premises
(Posiva SKB 2017).

Modelling activities in which data will be used

The initial minimum copper thickness is used as input to the PSAR corrosion calculations, as described
in SKB (2010d). In the corrosion calculations it is assumed that corrosion may occur where the copper
thickness is the least. The copper shell may have a varying thickness due to the design, imperfections
induced in the manufacturing and welding, and defects induced by the handling up until, and in, the
installation in the repository.

The void volume is used for assessing the delay time (cf Section 4.2) associated with the onset

of radionuclide transport from a defect canister. This onset occurs as the void volume is filled with
water intruding into the canister. The void volume is also used for assessing the source term (cf the
Radionuclide transport report). In case the concentration of the dissolved radioelement is below its
solubility limit, a larger void volume dilutes the concentration compared to a smaller void volume,
if the same amount of the radioelement is dissolved. And opposite, if the concentration is at its solu-
bility limit, a larger void volume gives rise to a larger amount of the dissolved radioelement. The void
volume is further used in an assessment of the canister internal overpressure from both accumulated
He and initial gas and water (Lilja 2012).

The resistance to mechanical loads are input to the choice of scenarios. The resistance to shear move-
ment is the coupling to the seismic modelling (cf Munier 2010, Félth et al. 2010). In this modelling,
the probability is assessed that the shear magnitude and velocity in the rock volume surrounding the
deposition holes are larger than specified in the canister design premises. In case a seismic event gives
rise to such shear, it is assumed that the affected canisters fail. This probability is used as input in the
radionuclide transport modelling (cf the Radionuclide transport report).
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41.2 Experience from SR-Site
Modelling in SR-Site

Concerning the initial minimum copper thickness, it is used in the copper corrosion calculations in
the same way in PSAR as in SR-Site (and SR-Can).

Concerning the void volume, no new insights or results have been obtained during SR-Site or during
the ensuing work addressing review comments on SR-Site. The void volume is used in the same way
in PSAR as in SR-Site (and SR-Can), both for assessing the source term and delay time (Section 4.2

is referred to for further information on the delay time).

In SR-Site the effect on the canister due to mechanical loads was modelled as a 3D finite element
model using the ABAQUS code (Hernelind 2010, Raiko et al. 2010). Variables that were varied for
the shear load cases included the angle with which the fracture intersected the deposition hole and
the buffer density.

Conditions for which data were used in SR-Site

The conditions concerning the initial minimum copper thickness and void volume are the same in
PSAR as in SR-Site (and SR-Can), i.e. they apply for the installed but intact canister. The conditions
for the resistance to shear movement generally agree in SR-Site and SR-Can, and correspond to the
in situ conditions of the installed canister at the upper limit of the buffer density. However, the criterion
for maximum shear magnitude is 5 cm in SR-Site, compared to 10 cm in SR-Can.

Sensitivity to assessment results in SR-Site

Concerning the initial minimum copper thickness it was shown in SR-Site that there will be no initial
defects penetrating through the copper shell. For no canister the defects reduce the initial minimum
copper thickness to less than 25 mm (cf Table 5-9 in SKB 2011). The time needed to corrode through
the copper shell (approximately) scale inversely proportional to the copper thickness. Accordingly
there is only a difference in corrosion time of a factor 2 between 25 mm and 50 mm minimum copper
thicknesses. Also, in Section 14.2 in SKB (2011) it was concluded that the number of failed canisters
increased the by a factor about 2, when halving the thickness to 25 mm. Therefore, the analysis was
rather insensitive to this parameter.

In SKB (2011, Section 10.4.5) it was concluded that the copper canister could withstand a shear
movement with a magnitude of 5 cm, but that for a shear movement of 10 c¢m, failure of the copper
shell cannot be totally excluded. It was recognised that the study was limited and that the creep model
needed improvement. In SKB (2011, Section 10.4.9) it was concluded that no canister failures at the
expected maximum over-pressure at the Forsmark site are expected.

Alternative modelling in SR-Site

No alternative modelling of importance for the initial minimum copper thickness, void volume,
or resistance to mechanical loads was performed in SR-Site.

Correlations used in SR-Site modelling

No correlation was used in subsequent SR-Site modelling concerning the initial minimum copper
thickness, the void volume, or the resistance to mechanical loads.

Identified limitations of the data used in SR-Site modelling

No limitation has been identified in the data on, and usage of, the initial minimum copper thickness
or void volume.

Concerning the resistance to shear movement, limitations in the study was recognised in SKB (2006a,
Section 9.4.5), giving rise to suggestions for further modelling (cf SKB 2006a, Table 9-14). The regula-
tory authorities also recognised limitations in the SR-Can modelling and found that the arguments
for the 10 cm criterion need to be reinforced in order to demonstrate the validity of SKB’s strategy for
overall handling of the earthquake problem (Dverstorp and Stromberg 2008).
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In SR-Site only BWR insert mechanical data was available, and this data was therefore also used for
PWR insert modelling. Also only crack-like defects were analysed.

4.1.3 Use of data in the PSAR

Underlying data on the initial minimum copper thickness and the resistance to shear movement are
supplied by the Canister production report team. Prior to supplying these data there has been much
communication with the assessment team and as result, the supplier has no further input.

The void volumes supplied in this section have been produced by the assessment team; hence no
supplier formally exists. None the less, the text is written according to the standard outline of the
Data report.

4.1.4 Sources of information and documentation of data qualification
Sources of information

The assessment of the initial minimum copper thickness is based on data in the Canister production
report. The analysis of the canister’s resistance to mechanical loads is made in the Canister produc-
tion report and the Mechanical design analysis for the canister (Jonsson et al. 2018), supported with

deterministic calculations in the reports of Alverlind (2016), Hernelind (2010), Dillstrom (2015), and
Unosson (2016). The full references to the main sources of information are given in Table 4-1.

Table 4-1. Main sources of information used in data qualification.

Canister production report, 2020. Produktionsrapport Kapsel. SKBdoc 1407944 ver 1.0, Svensk Karnbranslehantering AB.

Jonsson M, Emilsson G, Emilsson L, 2018. Mechanical design analysis for the canister. Posiva SKB Report 04,
Posiva Oy, Svensk Karnbranslehantering AB.

Categorising data sets as qualified or supporting

The input data for the assessment on the initial minimum copper thickness mainly come from
Sections 5.5.4, 5.7.3 and 7.1.1 of the Canister production report. The input data for the void volume
calculations mainly come from the Canister production report and SKB (2010b). For the resistance
to mechanical loads, the judgement in the Canister production report on whether or not the canister
can withstand the loads according to the design premises is used.

These data sets are sorted as qualified or supporting in Table 4-2. The justification to the sorting of each
item is given in the table.

Table 4-2. Qualified and supporting data sets.

Qualified data sets Supporting data sets

1. Canister production report, Table 3-6: Geometric data on the BWR | 5. Densities of materials in fuel assemblies from
and PWR type canisters, for void volume calculations. CRC (2008) and Slagle et al. (1994, Appendix A),
2. SKB (2010b), Table 2-4: Weights of components of fuel assemblies, | for void volume calculations.

for void volume calculations.

3. Canister production report, Sections 5.5.4,5.7.3and 7.1.1 :
Minimum thicknesses of the copper shell after machining.

4. Canister production report, Sections 7.2.1-7.2.3: Statement that

canisters manufactured according to the reference design will fulfil the
design premises related to mechanical loads.

1, 3—4. These data have been qualified in the Canister production report, in accordance with the SKB quality assurance
system. This qualification is found to be in compliance with the demands of this data report.

2. These data have been qualified in SKB (2010b), in accordance with the SKB quality assurance system. Thisqualification
is found to be in compliance with the demands of this data report.

5. These density data are taken from the open literature but are judged as supporting as the data may not be representative
for the exact materials used in the fuel assemblies. It is judged, however, that this potential lack of representativeness would
give rise to very minor deviations in the supplied void volume data.
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Excluded data previously considered as important

Concerning the initial minimum copper thickness, the concept of an initial pinhole penetrating the
copper shell has been abandoned, due to improved welding methods. Concerning the resistance to shear
movement, the design premises analysis has been set to 5 cm shear , while 10 cm shear magnitude was
used in SR-Can (see further discussion in Section 2.3 of SKB (2009b)).

4.1.5 Conditions for which data are supplied
Initial minimum copper thickness

The copper shell may have a varying thickness due to the design, imperfections induced in the manu-
facturing and welding, and defects induced by the handling up until, and in, the installation. The
entire chain from production to installation is described in the Canister production report. The data
applies for the installed canister, but before corrosion and major mechanical loads influence the copper
thickness.

Void volume

The void volume is calculated for the SKB spent fuel reference scenario and for the SKB canister
reference design. Changes in volumes due to varying temperature have been disregarded. The void
volume is calculated for an intact canister, and does not include a potential reduction of the void
volume due to the formation of corrosion products upon water intrusion in a defect canister.

Resistance to mechanical loads

The behaviour of the canister and its parts due to static and dynamic loads has been simulated with
finite element (FE) models, and in addition possible failure mechanisms as plastic collapse and crack
growth have been evaluated. The load cases, material plasticity and damage modes, geometries,
postulated defects, and FE-solvers are summarized in Jonsson et al. (2018). Canisters for BWR and
PWR have different internal designs and have therefore been modelled separately; most importantly
the PWR canister design has a larger cross section mass which results in a more efficient load distri-
bution. Even minor differences in material properties have been accounted for between the models.
The effects of compromise between geometric complexity and model simplification have been
investigated in Dillstrom (2015).

The static strength of the canister varies with the cast iron elasticity, strain hardening, fracture proper-
ties, and cross section centricity of channels for fuel elements. The mechanical data and geometric
variations have been modelled on the data from heavy section ductile cast iron manufactured in full
dimensions for SKB described in the Canister production report. The safety factor for plastic collapse
is shown to be at least 1.5 and is set to the square root of 10 which equals 3.16 for crack growth.

Variables that were varied for the shear load cases include the angle with which the fracture intersects
the deposition hole and the buffer density. Results corresponding to the shear magnitude of 5 cm are
reported in Jonsson et al. (2018). However, results are available also for larger shear magnitudes in
Hernelind (2010) and Dillstrém and Bolinder (2010). The design analysis is valid for canisters that
have not been subjected to heavy corrosion. For detailed conditions of the modelling Jonsson et al.
(2018), Hernelind (2010) and Dillstrom and Bolinder (2010) are referred to.

4.1.6 Conceptual uncertainty
Initial minimum copper thickness

There is no conceptual uncertainty associated with the initial minimum copper thickness. However,
there is some uncertainty associated with how this copper thickness should be used in corrosion calcu-
lations. In case of defects, these occur at a very local area of the copper shell (most importantly in
the welds). In the advection/corrosion scenario it is assumed that the buffer has eroded at the fracture
intersecting the deposition hole, but not that the entire buffer in the deposition hole has been removed.
This means that only a limited area of the copper surface is subjected to increased corrosion rates, while
other copper surface areas are still protected by the buffer. There is only a certain probability that the
area featuring the initial minimum copper thickness is exposed to advection/corrosion.
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Void volume

The void volume is calculated using elementary geometrical considerations. Accordingly, there is no
conceptual uncertainty. In subsequent modelling, however, there is the question of to what degree
the void volume is utilised by water intruding into the canister. There is also the question of how
efficiently radionuclides can be transported from different parts of the void volume.

Resistance to mechanical loads

An uncertainty discussion concerning the design analysis of the canister is given in Chapter 7
of Jonsson et al. (2018). An uncertainty discussion is also given in Chapter 10 of Hernelind (2010).

Conceptual uncertainty is associated with how well the models represent the intended cases (for
example the size of the mesh in the finite element modelling). Conceptual uncertainty is also associated
with how the output from one modelling is used as input in subsequent modelling. The nature of the
conceptual uncertainty is not such that it jeopardises the validity of the conclusions from the analyses.

4.1.7 Data uncertainty due to precision, bias, and representativity
Initial minimum copper thickness

Uncertainties in the initial minimum copper thickness are associated with how well one can produce
the copper shell components, how well it can be welded and the subsequent handling until the canister
is installed. This chain of events is discussed at length in the Canister production report. In Chapter 3
of the Canister production report, the reference design is discussed. In Sections 5.5.4, 5.7.3 and 7.1.1
the probability of different deviations from this design, as well as of defects in the welds and shell, are
given. These data and probabilities are used in Section 4.1.10 of this present text to justify an initial
minimum copper thickness for subsequent use in PSAR corrosion calculations.

Void volume

The void volume is calculated using elementary geometrical considerations (cf Section 4.1.10). The
tolerances in the canister and cast insert dimensions are very small, wherefore little uncertainty is
induced in the geometrical calculations. The total volume of typical fuel assemblies is calculated
from the weights and densities of different materials of the fuel assembly. In doing this, density data
on similar, but not the exact, materials have been used. However, the uncertainty induced is judged
to be insignificant. When calculating the void volume of the average canister, it is necessary to make
a few assumptions regarding this hypothetical average canister (cf Section 4.1.10 for details on these
assumptions). The uncertainty introduced as result of these assumptions is judged to be minor.

Resistance to mechanical loads

According to the Canister production report the major uncertainties in the shear load case are that the
calculations are based on pessimistic assumptions, mainly on the material properties of the bentonite.
Resulting from deterministic damage tolerance analyses, the acceptable defect size for the cast iron
insert is 7-9 mm at shear movement depending on the buffer density. At 2050 kg/m’ buffer density
the acceptable defect size is 7 mm (Jonsson et al. 2018). In probabilistic analyses the acceptable defect
size is 4 mm (Dillstrom 2014). Such defects can be detected by standard inspection techniques such as
ultrasonic testing in cast iron (Ahmad and Bond 2018).

An uncertainty discussion is given in Sections 7.6 and 7.7 of Jonsson et al. (2018) and Chapter 10 of
Hernelind (2010), concerning load on the canister due to rock shear movement. Among the mentioned
sources of data uncertainty are uncertainty in the stress-strain relationship of the canister material and
the bentonite; natural scattering in the material data and in the fracture toughness; uncertainties in the
copper creep model and in the creep strain rate; and assumption made for the coefficient of friction
between the copper and the surrounding materials. For a full account of the uncertainties Jonsson

et al. (2018), Hernelind (2010) and Dillstrém and Bolinder (2010) are referred to.
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4.1.8 Spatial and temporal variability of data
Initial minimum copper thickness

The recommended initial minimum copper thickness is intended for the general canister, which could
be deposited at any canister position in the repository. In this respect there is no component of spatial
variability. It is noted that the initial minimum copper thickness is more likely to be found in the
welds than in the tube, base or lid, but this should have little consequence for subsequent modelling.
The data applies at the initial state.

Void volume

For the void volume of the average canister, spatial variability is of no concern. For individual canisters
the void volume depends on how many channel tubes are occupied by fuel assemblies. This is handled
by supplying void volumes for canisters filled with different numbers of fuel assemblies (cf Table 4-3
in Section 4.1.10). Temporal variability due to changes in temperature is judged as insignificant and is
accordingly disregarded. The void volume is valid for the intact canister, and does not account for the
formation of corrosion products, upon intrusion of water in a defect canister.

Resistance to shear movement

The design analysis is general and there is no component of spatial variability when (indirectly)
applying its result on different canister positions in the repository. The metal manufacturing introduces
some variability to the mechanical properties of each canister, but the variations of the strength and
ductility are limited and within the requirements. The temporal variability is handled by accounting
for the additional load due to the ice sheet during glaciation. Different sequences of glacial loads and
earthquakes have been analysed (Hernelind 2010).

41.9 Correlations
Initial minimum copper thickness

The supplied data should be used for the general canister and there are no correlations of concern for
subsequent modelling.

Void volume

The supplied data should be used for the general canister and there are no correlations of concern for
subsequent modelling.

Resistance to mechanical loads

The design analysis is general and gives a judgement on whether or not the canister can withstand

the specified mechanical loads. There is no correlation that needs to be used when applying this in
subsequent analyses (other than the combinations of mechanical loads already specified in the design
premises (Posiva SKB 2017)).

4.1.10 Result of data qualification
Initial minimum copper thickness

The production and inspection of copper components are described in the Canister production report,
Sections 5.5.4, 5.7.3 and 7.1.1, and the following can be derived:

Machining is a well-known and proven industrial process. The dimensions, including the copper
wall thickness, can be measured either by conventional laser tracker systems or by use of ultrasonics.
In Section 5.5.4 in the Canister production report the resulting wall thicknesses for a number of
manufactured copper components are presented. Based on these data, the minimum copper thickness
after machining in normal operations is judged to be 48.1 mm for the tube, 48.9 for the base, 48.3 for
the lid, including a 1 mm deep identity marking, and 47.5 mm for the welds. Therefore the overall
minimum thickness in normal operation is 47.5 mm.
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Furthermore, it can not be excluded that one percent of the canisters might have areas where the
minimal copper thickness is reduced to 45 mm due to disturbed operation. This value is based on
the fact that larger deviations will be detected when the components are handled and assembled and
the canister is sealed and these deviations will thereby lead to rejection of the canister. Experience
indicates that such large deviations in dimensions will be detected by by testing. The probability that
any canister will have a minimum thickness after machining of less than 45 mm is therefore judged
as negligible.

The occurrences of defects in the copper shell are one cause for further reduction of the corrosion
barrier. Occurrences of defects in the welds have been investigated based on the results of welding
demonstration series under normal operational conditions performed at the Canister Laboratory.
Normal operation during welding means that both input and output welding variables are within a
defined “process window” that must be met in order for a weld to be considered approved. The only
type of defect that has been detected in the welds made in normal operation is joint line hooking
(a tight, crack like discontinuity with extension radially with a gap of < 10 pm) and incomplete
pentration. The cavity type of defect (near-surface discontinuity) has only been seen outside normal
operations for the weld.

In the first demonstration series, the largest detected defects were of the order of a few millimetres with
the largest one being 5.4 mm in radial direction. The second series was performed with an improved
welding tool and resulted in smaller defects with the largest one being 1.5 mm.

The probability for disturbed operations resulting in one or more of the process parameters being
outside the process window is estimated to be low: 97 % of the welds are free from joint line hooking
defects (Cederqvist et al. 2018). The results from probability-of-detection studies of the NDT methods
show a 90 % detection capability for a 5 mm joint line hooking defect and a capability of almost 100 %
for defects lager than 10 mm.

The probability that the process parameters are such that they cause defects that exceed 5 mm and
this occurs simultaneously with a failure of the control system,, is at the present stage of development
judged to be less than 3 % of the canisters. This statement is based on the fact that the developed
welding process is very reliable and reproducible. If these disturbed operations do occur, the maximum
reduction of the copper thickness is estimated not to exceed 10 mm.

For the copper shell components (the base, the lid and the tube), there are few possible defects,
forging laps being one example. Such defects can be avoided by proper manufacturing. Further, the
defects can be detected by non-destructive testing (van den Bos 2018). Forging laps can be detected
by magnetic (eddy current) testing. The results of inspections of manufactured copper components
indicate that there will remain no defects in the extruded tubes or forged lids and bases that remain
after the final machining.

Since the possible defects in the copper components are expected to mainly extend perpendicularly to
the corrosion barrier and since no real manufacturing defects have been found in the canister compo-
nents, the welds are presently considered to be the potentially thinnest parts of the copper shell.

Reductions may also occur as a result of surface damage during transportation, handling and deposition
of the canister. Available information on the occurrence of surface damage during these stages is
limited since full-scale tests, which focus on this issue using relevant handling equipment and transport
casks, remain to be performed. The probability for critical reduction of the corrosion barrier due to
transportation damages is, however, considered negligible since the canister is protected by a transport
cask. In addition, the canister is inspected for surface damage when it is lifted from the transport cask
into the radiation shield of the deposition machine in the reloading station at repository depth.

To derive a minimum copper thickness to be used in the corrosion calculations the starting point is
that the machined canister surface area has 48.1 mm thickness of copper, while the weld areas have

at least 47.5 mm (for > 99 % of the canisters). A cautious statement would thus be to say that a large
majority of the canisters would have at least 47.5 mm, over the entire surface.

The further reductions of this minimum copper thickness regard few canisters and/or small areas. It
is estimated 1 % of the canisters could have a minimum machined thickness of the welds of 45 mm,
covering some percents of the canister surface area. The maximum reduction of the copper thickness
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due to defects from the hot-forming and welding processes (occurring only under disturbed operation)
is given as 10 mm for 3 % of the canisters. Also this reduction regards a small area of the surface,
which could pessimistically be assumed to be the whole weld area.

The absolute lower limit in the ranges given for the welds would be 35 mm (45 mm, lowest value
for machined weld, minus 10 mm, for a maximum defect). It is though totally unrealistic to base the
corrosion calculations that should reflect the status for the whole canister surface, on this value for
the weld areas.

It is suggested that, built on the experience from the pilot production of canister, a copper thickness
of 47 mm (rounded from the 47.5 mm given above) is used as a reference value in the corrosion
calculations.

Void volume

According to the Spent fuel report the estimated number of canisters to be deposited is 5689, whereof
3982 hold BWR and BWR-MOX spent fuel and 1707 hold PWR and PWR-MOX. Figure 4-1 shows
the BWR cast iron insert with 12 channel tubes and the PWR cast iron insert with 4 channel tubes.

The length and diameter of both types of cast iron inserts are 4573 mm and 949 mm, respectively. The
BWR insert holds 12 channel tubes, each 160 x 160 mm wide and 4463 mm in length (cf Tables 3-6
of the Canister production report). This gives a BWR insert volume of about 1.87 m’ (if disregarding
minor details in the design, such as the curvature of the channel tubes). The PWR insert (with channel
tubes 235 x 235 mm) has the volume 2.25 m’® (cf Tables 3-6 of the Canister production report).

21050 N < 1050 N
- @949 - @ 949
o <90 . 135
160, , 235 |
1
5 cm copper
BWR-type PWR-type

Nodular cast iron

Figure 4-1. SKB's reference canister with an outer corrosion barrier of copper and an insert of nodular
cast iron. Basic differences between the BWR and PWR insert design.
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A typical BWR fuel assembly holds 198 kg UO,, 78 kg zirconium alloys, 13 kg stainless steel, and
1 kg nickel alloys (cf Table 2-4 of SKB 2010b). The corresponding volumes can be calculated from
the following densities: UO, = 1.05 x 10* kg/m’; stainless steel = 7.9 x 10° kg/m’; zirconium alloy =
6.5x10° kg/m’; and nickel alloy = 8.25 x 10° kg/m’ (Slagle et al. 1994, CRC 2008). This results in the
total volume of one typical BWR fuel assembly of 0.033 m’.

A typical PWR fuel assembly holds 526 kg UO,, 129 kg zirconium alloys, 15 kg stainless steel, and
2 kg nickel alloys (cf Table 2-4 of SKB 2010b). In addition, in about one fourth of the PWR fuel
assemblies a control rod cluster will be deposited, with a typical weight of 16.3 kg stainless steel and
51.4 kg AgInCd alloy’ (Section 2.2.1 and Table B-5 of SKB 2010b). The volume of a typical control
rod cluster can be calculated to 0.0071 m®. This results in the total volume of one typical PWR fuel
assembly (with one fourth of a control rod cluster) of 0.074 m’.

From the data given in the above paragraphs, the void volumes of BWR and PWR type canisters with
all channel tubes occupied by typical fuel assemblies can be calculated. For the BWR and PWR type
canisters the void volume becomes 1.0 m* and 0.71 m’, respectively.

As described in SKB (2010b)., there will be canisters deposited with empty channel tubes. According
to the SKB reference scenario, in total 47904 BWR and BWR-MOX assemblies, as well as 6049 PWR
and PWR-MOX assemblies will be deposited in 4451 BWR type canisters and 1652 PWR type
canisters (cf Tables C-2 and C-5 of SKB 2010b)'"°. This means that on average, a BWR type canister
will have 10.8 occupied and 1.2 empty channel tubes. Each empty BWR channel tube adds 0.11 m*
to the void volume. The average PWR type canister will have 3.66 occupied and 0.34 empty channel
tubes. Each empty PWR type channel tube adds 0.25 m® to the void volume. If assuming that the
volume of each fuel assembly is described by either the typical BWR or PWR fuel assembly, described
above, the void volume of the average canister can be calculated. Firstly, the void volumes of the
average BWR type canister and PWR type canister are calculated to 1.1 and 0.79 m’, respectively.
Based on the weighted average of the 4451 BWR type canisters and 1652 PWR type canisters, the
void volume of the average canister is calculated to 1.0 m*. All the void volumes for the different
canisters are summarised in Table 4-3. To illustrate extreme void volumes, the half-full BWR and
PWR type canisters are also included in the table.

Table 4-3. Void volume of different canister types.

Canister Void volume
(m’)

Full BWR type canister (12 fuel assemblies) 1.0

Full PWR type canister (4 fuel assemblies) 0.71

Average BWR type canister (10.8 fuel assemblies) 1.1

Average PWR type canister (3.66 fuel assemblies) 0.79

Half-full BWR type canister (6 fuel assemblies) 1.7

Half-full BWR type canister (2 fuel assemblies) 1.8

Average canister 1.0

° The density of 10.20 g/cm’ of the AgInCd alloy is taken from a product sheet on “Neutron Absorber — AgInCd
80/15/5” from Umicore Technical Materials. For comparison the density of Ag is 10.50 g/cm’.

' Due to updates in the prognosis of future operation of the power plants, the estimated total number of canister
has changed from 6 103 in SR-Site to 5683 in the PSAR (3982 BWR canisters and 1707 PWR canisters), see
further Section 3.1 or the Post-closure report. The number of BWR and PWR type canisters discussed here
are based on the prognosis used in SR-Site. The influence on the calculation of average void volume is deemed
insignificant. The text from SR-Site have therefore been reproduced.
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Resistance to mechanical loads

According to the Canister production report, Section 7.1.2 the strength analysis shows that canisters
manufactured according to the reference design will fulfil the design premises related to shear loads.
However, the damage tolerance analysis gives acceptable defects sizes that put rigorous requirements
on manufacturing and NDT (non-destructive testing) capability. It is further stated that the copper shell
will have sufficient ductility to remain intact also after shear loads as long as the insert remains intact.

According to the Canister production report, Section 7.1.2 the probability for the canister not to fulfil
the design requirement related to isostatic load and uneven pressure from the bentonite respectively, is
deemed to be insignificant. This also accounts for the load from an ice sheet during a glaciation.

4.1.11 Judgements by the assessment team

The data on the initial minimum copper thickness and void volume has been produced or modified by
the assessment team, based on data from the supplier. The resistance to mechanical loads is justified
by the supplier.

Sources of information and documentation of data qualification

Input data for the assessment of the initial minimum copper thickness and void volume are found in
the Canister production report and SKB (2010b). The discussion on the resistance to mechanical
loads is found in the Canister production report and references therein.

The references cited in the data qualification are judged to be relevant and the citing is judged to be
sufficiently precise. The data sets used are judged to be adequately categorised into qualified and
supporting data sets.

Conditions for which data are supplied

The conditions for which the data are supplied are sufficiently well described, and have been chosen
to represent those of the repository.

Conceptual and data uncertainties

There is little conceptual uncertainty associated with the geometric data on the initial minimum copper
thickness and the void volume. There is detailed information on uncertainties associated with the resist-
ance to mechanical loads in the supporting documents.

Data uncertainty due to precision, bias, and representativity

The data uncertainty concerning the initial minimum copper thickness and void volume is small and
bounded in rather narrow ranges by extreme values. The supplier has provided probabilities for mini-
mum copper thicknesses for different canister components. Importantly, the supplies suggest that the
probability is zero that an initial defect penetrates the copper shell. The assessment team agree with
this handling. Concerning the resistance to mechanical loads, most of the data uncertainty is dealt
with by modelling different isostatic and rock shear cases.

Spatial and temporal variability of data

The canister data supplied for the canister are general and should be applicable to all canisters in the
repository. The variation of the mechanical properties is limited and within the requirements. Therefore,
in terms of canister positions, the data have no spatial variability. The initial minimum copper thickness
and void volume represent the initial state. Temporal variability associated with the resistance to
mechanical loads is handled by the design premises stating the long-term loads in the repository.

Correlations

There is no correlation that needs to be propagated to subsequent handling.
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Result of supplier’s data qualification

Concerning the initial minimum copper thickness and void volume the final data have been produced
by the assessment team, based on underlying data supplied by the Canister production report and
SKB (2010b). The assessment team find these underlying data adequate.

The supplier argues that the canisters that are manufactured according to the reference design will
fulfil the design premises related to mechanical loads. For the shear load case the calculated acceptable
defects sizes in the insert are small and puts rigorous requirements on the manufacturing and NDT
capability.

4.1.12 Data recommended for use in assessment modelling

For the initial minimum copper thickness it is recommended to use the thickness 47 mm in PSAR
copper corrosion calculations. For PSAR radionuclide transport modelling, it is recommended that
the void volume of 1.0 m® is used for the average canister. Concerning the resistance to mechanical
loads, it is judged that all canisters can withstand the loads according to the design premises, also
accounting for the additional load from an ice sheet during a glaciation. These data are summarised
in Table 4-4.

Furthermore, for the evaluations of corrosion in the safety assessment, the area exposed to corrosion
and the number of canisters involved need to be taken into account in an evaluation of whether the low
probabilities given in Section 4.1.10 of less than 47 mm copper thickness could influence the results.
Here, also the geometries of the defects need to be considered. For example, while a defect in the form
of a small void located near the outer surface of the canister can, for geometrical reasons, be argued to
have no impact on the time for breakthrough by corrosion, the same defect in contact with the inner
surface could reduce the effective thickness for a corrosion calculation by the projected length of the
defect along the canister radius.

Table 4-4. Data recommended for use in PSAR.

Parameter Data

Initial minimum copper thickness 47 mm
Void volume 1.0m?
Resistance to mechanical loads Canister will withstand the mechanical loads as specified in the design premises.

4.2 Evolving canister defect

This section concerns data needed in safety assessment modelling regarding potential penetrating
canister defects. Before dissolved radionuclides can migrate from a failed canister, a continuous water
pathway needs to be established between the spent fuel and the canister exterior. This requires a defect
through the copper shell and the size of this defect is of importance for the water intrusion rate, as
well as for the radionuclide release rate once the continuous water pathway has formed. Before the
pathway can form, sufficient amounts of water need to intrude the canister so that its void becomes
filled. As water intrudes into the canister, the cast iron insert will corrode, forming hydrogen gas that
will limit the pressure gradient constituting the driving force for water to intrude into the canister.
In addition, the corrosion reaction consumes water and corrosion products may block the void that
would otherwise constitute the pathway (cf the Fuel and canister process report).

The hydromechanical evolution of canisters with a minor initial defect was given substantial attention
in the SR 97 safety assessment (SKB 1999b). The conclusion was that the processes in the canister
internals add a considerable delay time before a continuous water pathway between the spent fuel and
the buffer is formed. This is mainly related to the slow ingress of water into the canister, due to the low
permeability of the buffer, the limited size of the defect, and the generation of a gas pressure inside the
canister. In case of a minor defect, the canister internal would basically remain dry until the pressure
from the corrosion products would physically damage the copper shell, causing a larger defect (SKB
1999b, Section 9.6).
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This section deals with the time it takes from canister failure, i.e. when a defect penetrating the copper
shell is formed, to the formation of a continuous water pathway. This time is called the delay time.
Furthermore, this section deals with the defect size in the copper shell, which has implications for
the cross-section area over which radionuclide release can occur, as well as for the diffusive transport
pattern in the buffer. Finally this section deals with the point in time, denoted #,,,, when the defect
becomes so large that it constitutes no hindrance to mass transfer. Before such unhindered mass transfer
can occur, a continuous water pathway needs to have formed. It should be noted that even for a large
defect, it may take some time to fill the canister with water.

The PSAR is based on the same modelling of Evolving canister defect as SR-Site. In the following
sections, the modelling strategy is described (Section 4.2.1) followed by an account of the experiences
from the SR-Site safety assessment (Section 4.2.2). Since the PSAR is based on the same data as
SR-Site, the data qualification (Sections 4.2.3 to 4.2.10) is reproduced from the SR-Site Data report.
In Section 4.2.11 the formal judgement by the assessment team to use the qualified data is presented
followed by Section 4.2.12 where the recommended data is presented.

4.21 Modelling

This section describes what data are needed, and in what assessment modelling activities the data are
to be used. These are the same modelling activities as in the SR-Site assessment.

Defining the data need

This section should supply data for three of the canister failure modes in the safety assessment:
» The postulated growing pinhole failure, with an initial defect radius of 2 mm.
* Canister failure due to corrosion.

e Canister failure due to shear load.

For these three failure modes, the supplier should deliver the following data:

» The defect radius 7., (m). In case of a circular defect the defect radius should be given. In case
of a non-circular defect, the equivalent defect geometry should be provided, unless the defect is
so large that the canister poses no transport resistance for escaping radionuclides. If the circular
or non-circular defect is so large that the canister poses no transport resistance, ., can be set
as unlimited.

* The delay time #,,,, (yr) between canister failure (penetrated copper shell) and the establishment
of a continuous water pathway from the fuel to the exterior of the canister.

* The time #,,, (yr) from repository closure to when 7,z is set to unlimited.

In case there are large uncertainties in the #,,,, and ¢, data, it may be justified to only supply the
orders of magnitudes for these data. It may also be justified to supply pessimistic values, where the
most pessimistic value of ¢,,,, is zero, and of #,,,. is equal to the time for failure.

Modelling activities in which data will be used

Modelling of radionuclide release in the near-field is done with the transport simulation code
COMP23 (Romero et al. 1999, Cliffe and Kelly 2006, Vahlund and Hermansson 2006), as detailed
in the Radionuclide transport report. In this code the canister interior is pessimistically assumed
to possess no transport resistance and no sorbing capacity. Rather, as soon as the canister is filled
with water, a continuous pathway between the spent fuel and the canister exterior is assumed, and
the canister interior is represented as a water volume in which radionuclides are dissolved and
diffuse freely. This occurs after the delay time. Transport resistances or barrier functions of the inner
structural parts of the canister and the fuel, including the fuel cladding, are disregarded once the
transport pathway is established.
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In case the canister is surrounded by the buffer, which is assumed in the failures modes growing
pinhole failure and canister failure by shear load, the defect radius and #,,,, are input data to modelling
diffusive transport of radionuclides through the buffer. The defect radius is used to calculate both the
diffusion resistance in the hole and an additional transport resistance, resulting from the fact that radio-
nuclides exiting a small defect diffuse in a three-dimensional pattern in the buffer. This is illustrated in
Figure 4-2, showing the copper shell with a minor defect, the buffer, and the surrounding rock where
a fracture intersects the deposition hole (Neretnieks et al. 2010).

In the radionuclide transport model, the additional transport resistance at the canister/buffer interface

is immediately lost as #,,. has been reached. This does not necessarily mean an onset of radionuclide

transport, as this also requires that the canister is filled with water. The additional transport resistance
would in the real cases gradually decrease as the defect radius increases, so this must be compensated
for by setting the value of #,,,. sufficiently small, so that the additional transport resistance is neglected
as soon as the defect radius significantly increases from that of the original defect.

Copper canister shell
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Figure 4-2. lllustration of the diffusion profile in the buffer, where radionuclides spread out at the defect
and converge at the fracture. Excerpt from Figure 5-1 of Neretnieks et al. (2010).

SKB TR-21-06 121



4.2.2 Experience from SR-Site
Defect radius

No new insights or results have been obtained on defect radius during SR-Site or during the ensuing
work addressing review comments on SR-Site.

Delay time

No new insights or results have been obtained on delay time during SR-Site or during the ensuing
work addressing review comments on SR-Site.

Time from repository closure to when the defect radius is set to unlimited

No new insights or results have been obtained on defect the time from repository closure to when
the defect radius is set to unlimited during SR-Site or during the ensuing work addressing review
comments on SR-Site.

Based on these experiences, there has been no need to update these data for the PSAR. Therefore, the
data qualification in Sections 4.2.3 to 4.2.10 are, in large, reproduced from the SR-Site Data report. The
judgement, by the PSAR assessment team, to use the data for the PSAR is presented in Section 4.2.11
followed by a compilation of the recommended data in Section 4.2.12.

4.2.3 Supplier input on the use of data (text reproduced from SR-Site
Data report)

The data supplied in this section have been produced by the SR-Site team; hence no supplier formally
exists. None the less, the text is generally written according to the standard outline of the Data report.

In this section, #4, Will pessimistically be set to zero for the canister failure due to corrosion, and f,,,,
will be set to the time of failure. Because of using this highest degree of pessimism, it is judged that
there is no need to qualify these data. Accordingly, the standard outline of the Data report will not be
followed for the data for canister failure by corrosion. This failure mode will not be mentioned until in
Section 4.2.10 in SR-Site Data report (SKB 2010a), where the data are tabulated.

4.2.4 Sources of information and documentation of data qualification
(text reproduced from SR-Site Data report)

Sources of information

For the growing pinhole failure, the sources of information on the delay time and #,,,, are the SR-Site
Fuel and canister process report (SKB 2010¢) and the SR-Can Data report (SKB 2006b, Section 4.4).
Other sources of information are the SR-97 Main report (SKB 1999b, Section 9.6) and its supporting
documents (Bond et al. 1997, Takase et al. 1999).

For the canister failure due to shear load, the geometry of the defect is discussed in this section, but
there is very limited information on the properties of a shear failure defect. Therefore, pessimistic
defect geometries are propagated, which are used to estimate the delay time. This is done by using
the same approach as in Bond et al. (1997), by using an equation describing the water inflow into the
canister (Wikramaratna et al. 1993). The main sources of information are listed in Table 4-5.
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Table 4-5. Main sources of information used in data qualification.

Bond A E, Hoch AR, Jones G D, Tomczyk A J, Wiggin R M, Worraker W J, 1997. Assessment of a spent fuel
disposal canister. Assessment studies for a copper canister with cast steel inner component. SKB TR 97-19,
Svensk Karnbranslehantering AB.

SKB, 1999b. SR 97 — Deep repository for spent nuclear fuel. SR 97 — Post-closure safety. Main report — Vol. Il.
SKB TR-99-06, Svensk Karnbranslehantering AB.

SKB, 2006b. Data report for the safety assessment SR-Can. SKB TR-06-25, Svensk Karnbranslehantering AB.

SKB, 2010e. Fuel and canister process report for the safety assessment SR-Site. SKB TR-10-46, Svensk
Karnbranslehantering AB.

Wikramaratna R S, Goodfield M, Rodwell W R, Nash P J, Agg P J, 1993. A preliminary assessment of gas
migration from the copper/steel canister. SKB TR 93-31, Svensk Karnbranslehantering AB.

Categorising data sets as qualified or supporting data

The growing pinhole failure is only used as a hypothetical residual scenario, as there will be no initial

pinhole (cf Section 4.1 in the SR-Site Data report (SKB 2010a)). Therefore, the data recommended

for SR-Site are based upon the corresponding SR-Can data. However, before qualifying this data set,
the argumentation of SR 97 and SR-Can is reviewed. In doing this the argumentation given in Bond
et al. (1997), and Wikramaratna et al. (1993) is examined and Equation 3-1 of Bond et al. (1997) is

used for calculating the water inflow rate into the canister.

For the canister failure due to shear load, little data exist on the extent of the defect. Therefore, it is
assumed to be a circumferential crack where the aperture is varied up to pessimistic values. Based on
these apertures the delay time is calculated by using Equation 3-2 of Bond et al. (1997), neglecting
any effects of corrosion gases.

The important data sets used in this data qualification are shown in Table 4-6, where also justifications
to the sorting of the items are given.

Table 4-6. Qualified and supporting data sets.

Qualified data sets Supporting data sets
1. SKB (2006b, Table 4-2): Radius of initial defect = 2 mm, 6. Best estimate corrosion rate for the cast iron insert
toeray = 1000 years, t,.q = right triangular distribution in log of 0.1 um/yr and lower limit corrosion rate of 0.01 um/yr

space with lower value, upper value, and peak value at 0, 10°, | (Bond et al. 1997).

5 A
and 10° years, respectively. 7. Estimate in Bond et al. (1997) that corrosion

2. Equation 3-1 in Bond et al. (1997), for calculating the water | consumes intruding water at a matching rate if the
inflow rate into the canister in case of a pinhole defect. defect radius is at or below 1.62 mm.

3. Equation 3-2 in Bond et al. (1997), for calculating the water
inflow rate into the canister in case of a circumferential crack
defect (it is the same as Equation 6.1.2 in Wikramaratna et al.
(1993)).

4. Canister geometry data from Section 4.1 of the SR-Site
Data report (SKB 2010a): canister radius = 0.525 m, void
volume = 1.0 m*.

5. Hydraulic conductivity of the buffer taken from Section 5.2.12
in the SR-Site Data report (SKB 2010a). Best estimate
K =5x10""m?m/s, upper K = 1x107"*m? m/s.

1. The data given in the SR-Can Data report is considered as qualified. However, as the authorities found the reporting
in Section 4.4 unclear, an effort is made to revisit the data.

2-3. Equation 3-1 in Bond et al. (1997) is used for revisiting the delay time for the pinhole case given in SR-Can Data
report. Equation 3-2 in Bond et al. (1997) is used for estimating the delay time for canister failure due to shear load.
Although Bond et al. (1997) in general is considered as supporting, the equations are judged as qualified.

4-5. These data are used in Equations 3-1 and 3-2 in Bond et al. (1997). The geometry data in item 4 are qualified in
the SR-Site Fuel and Canister production report (SKB 2010e) (canister radius) and Section 4.1 of the SR-Site Data
report (SKB 2010a) (void volume). The hydraulic conductivity of the buffer is qualified in Section 5.2 of the SR-Site
Data report (SKB 2010a).

6-7. Bond et al. (1997) is generally considered as supporting, as the report is written prior to the implementation of the
present data qualification framework.
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4.2.5 Conditions for which data are supplied (text reproduced from SR-Site
Data report)
The delay time is dependent on the time it takes to fill the canister with water, so that a continuous

water pathway is established between the spent fuel and the canister exterior. The water inflow rate
through a pinhole can be calculated by Wikramaratna et al. (1993) and Bond et al. (1997):

Q= 27Z'Tdefect§Ap 4-1

where Q (m?/s) is the water inflow rate, x (m?) is the buffer permeability, x4 (Pa-s) is the dynamic
viscosity of the water, and Ap is the pressure drop over the buffer (i.e. between the rock mass and the
interior of the canister). The hydrostatic pressure in the rock mass at S00 m depth is about 5 MPa.

The equivalent equation for a circumferential crack, as in the shear load scenario, is (Bond et al. 1997):

Tc

— _9.2K
Q=—2m MDG)AP 4-2

where 7, (m) is the canister radius, b (m) is the buffer thickness, and / (m) is the crack aperture.

As can be seen in Equations 4-1 and 4-2 the water inflow rate is proportional to the permeability of
the buffer, which in turn depends on the degree of compaction of the buffer. The permeability can be
calculated from the hydraulic conductivity K (m/s) of the buffer, which is given in Section 5.2:

_ Ku -
K= 4-3
where p (kg/m?) is the density of water and g is the gravity. For a typical hydraulic conductivity for
the buffer of 5x 10 m/s at 20 °C (cf Section 3.2.12 of the SR-Site Data report (SKB 2010a)), the
corresponding permeability' is 5.1 x 10" m>,

As can be seen in Equations 4-1 and 4-2 the water inflow rate is also proportional to the pressure drop
over the buffer. As water intrudes the canister, the cast iron insert will corrode and hydrogen gas will
form. According to the SR-Site Fuel and canister process report (SKB 2010¢) and Bond et al. (1997)
this hydrogen will build up a counter pressure that will more or less match the pressure in the rock,
and the water inflow rate will decrease and eventually become zero. Therefore, the way one accounts
for corrosion and build-up of a hydrogen pressure are important conditions for the calculation of the
delay time.

A simplistic way of calculating the delay time is by dividing the canister void volume V' (m®) by the
water inflow rate:

14

taelay = ° 4-4
For a minor defect this is pessimistic, as water is consumed in the corrosion process as it flows into
the canister. Bond et al. (1997) estimated that corrosion consume intruding water at a matching rate if
the defect radius is at, or below, 1.62 mm. In this estimate a cast iron corrosion rate of 0.1 um/yr was
assumed together with a pressure drop of 5 MPa, which means that the pressure build-up due to hydro-
gen gas was neglected. Therefore, using Equation 4-4 for the growing pinhole failure, where the initial
defect radius is 2 mm, is most likely pessimistic. In case of a major defect, the water inflow rate may
be much higher than the consumption rate (at least if neglecting the hydrogen gas pressure build-up).

Concerning ¢, this parameter is more dependent on the corrosion rate of the cast iron insert than
of the copper corrosion rate. As the cast iron corrodes, the corrosion products will be more volumi-

nous than the metallic cast iron. This will create a stress from the inside of the canister, which could
eventually rupture. This was modelled in Bond et al. (1997) and it was found that this is a very slow
process. In SR 97 it was assumed that a larger canister failure due to this process would take about
200000 years (SKB 1999b, Section 9.6.4). In Smart et al. (2002a, b) a series of different corrosion
experiments are reported. Part of the study was to investigate the influence of corrosion products and
water chemistry on the corrosion rates. The mean corrosion rates were low and generally less than
1 um per year. The uncertainties in the corrosion rates are further discussed in the SR-Site Fuel and
canister process report (SKB 2010e, Section 3.5.1).

' Calculated by using p = 1.00x 107 Pa's, p = 1.00 x 103 kg/m* (Coulson et al. 1990), and g = 9.81 m/s”.
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4.2.6 Conceptual uncertainty (text reproduced from SR-Site Data report)

The processes occurring upon canister failure are described in detail in the SR-Site Fuel and canister
process report (SKB 2010e). For the delay time, the description of hydraulic processes is essential
(Section 2.3 of the SR-Site Fuel and canister process report (SKB 2010e)). For a small defect, inflow-
ing water is to various degrees consumed by corrosion reactions, which results in a hydrogen pressure
build-up that halts further inflow. Accordingly, further transport of water in the defect can only occur
by gas phase diffusion of water vapour. For a larger defect, enough water may have flown into the
canister before the hydrogen pressure reaches the ambient pressure, and a continuous water pathway
between the spent fuel and the canister exterior can be established.

The conceptualisation of the hydraulic situation has very little bearing on the numerical data for the
delay time suggested in this section, as one pessimistically neglects any hindrance of water flow into
the canister due to the pressure build-up in the canister.

4.2.7 Data uncertainty due to precision, bias, and representativity
(text reproduced from SR-Site Data report)

Delay time

By using Equations 4-1, 4-3, and 4-4, the delay time of the growing pinhole failure can be calculated.
In doing this, one pessimistically neglects that water is consumed in the corrosion reaction. The
hydrogen pressure build-up which would decrease, or even halt, the water inflow is also neglected.

In the following two examples, best estimate and lower delay times are calculated for a 2 mm pinhole,
under the prerequisite that realistic buffer properties are used and that the hydrogen pressure build-up is
pessimistically neglected. In Section 3.2.12 of the SR-Site Data report (SKB 2010a), the best estimate
hydraulic conductivity of the buffer is given as 5 x 107'* m/s, which translates to a permeability of
5.1x10*" m’. For the pressure drop over the canister the value 5 MPa is assumed, which equals the
external water pressure at repository depth. The void is assumed to be the total void of 1.0 m’, as
suggested for the average canister in Table 4-3 of the SR-Site Data report (SKB 2010a). The viscosity
depends on the water temperature and in our calculations a relatively high water temperature of 75 °C
is assumed, with a corresponding viscosity of 3.8 x 10~ Pa-s (Coulson et al. 1990). By inserting all the
above data into Equations 4-1, 4-3, and 4-4, the delay time equals about 3.8 x 10* years. If, in a second
example, instead using the lowest hydraulic conductivity suggested in Section 5.2 of the SR-Site Data
report (SKB 2010a) (1 x 10" m/s), and assuming a water temperature of 100 °C (thereby decreasing
the water viscosity to the lowest possible), the delay time becomes'? about 1.4 x 10* years.

In SR-Can, the pessimistic delay time of 1000 years was suggested for the pinhole case. This low
value would encompass a buffer hydraulic conductivity much lower than the range specified in the
design premises, alternatively a much larger defect radius than 2 mm (about 70 mm if using the same
data as in the first example above). As seen in Section 4.2.10 of the SR-Site Data report (SKB 2010a),
this unrealistically low delay time is suggested to be adopted also for SR-Site, justified by the fact that
the scenario is only residual and as there in the real case will be no pinhole. Accordingly, the accuracy
of the used data is of lesser concern. In light of this, data uncertainty becomes subordinate.

For the canister failure due to shear load giving rise to a circumferential crack, the delay time can
be calculated by Equations 4-2, 4-3, and 4-4. The pessimism of neglecting the hydrogen pressure
build-up is adopted from the above case. For the permeability, the best estimate value of 5.1 x 10" m?
is adopted together with the dynamic viscosity at 75 °C. The buffer thickness is assumed to be reduced
to 25 cm, as a result of the shear movement.

Finally, for the defect aperture the values 1 mm and 10 mm are suggested. For these values the delay
time becomes on the order of 100 years (147 years for the larger aperture and 252 years for the smaller
aperture). Also in this case data uncertainty is overshadowed by the degree of pessimism adopted in
neglecting the hydrogen pressure build-up. (If the shear movement instead would induce a circular
defect, the defect radius corresponding to a delay time of about 100 years would be very large; on the
decimetre scale.)

12 Calculated by using p = 0.287 x 107 Pa-s (Coulson et al. 1990).
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Defect radius and t,,4.

For the growing pinhole failure the defect radius is initially set to 2 mm. It is assumed to be of constant
radius until the time ¢,,,., when the defect radius becomes sufficiently large to offer no transport resist-
ance (74 Set to unlimited).

In Bond et al. (1997), ... Was assessed for a pinhole case where it was assumed that water vapour
could diffuse into the canister, but that water flow was hindered as the hydrogen pressure in the canister
matches the external water pressure. According to the calculations, it takes at least 100000 years from
the time of the initial penetration before more extensive damage occurs on the copper canister. On the
other hand, if pessimistically assuming that water can flow into the canister unhindered, thus neglect-
ing the hydrogen pressure build-up, one could argue for a considerably lower .. In SR-Can this
uncertainty was handled by suggesting a right triangular distribution in the log-space for #,,,., with one
year as the lower limit and 100000 years as the upper limit and peak value. By setting the peak value at
100000 years, instead of in the middle of the range, it was implicitly stated that one considers it more
reasonable, from a process understanding point of view, that the water ingress is diffusion controlled
and much less probable than that water flows into the canister. For SR-Site modelling, only a single
point values is requested. The arithmetic mean of the SR-Can distribution is around 1.6 x 10* years. For
SR-Site this is suggested to be cautiously rounded to 1x 10 years.

For the canister failure due to shear load, the initial circumferential crack is assumed to be so large
that the canister immediately loses its transport resistance. Accordingly it is suggested to set #,,,, equal
to the time of failure and r,, to unlimited.

In the above example, the degree of pessimism overshadows any effect of data uncertainty in
input data.

4.2.8 Spatial and temporal variability of data (text reproduced from SR-Site
Data report)

Spatial variability of data

The description of the canister failure is general and no spatial variability is accounted for.

Temporal variability of data

The temporal variability concerning the onset of radionuclide transport is handled by assuming no
radionuclide transport prior to #,.,,, while radionuclide transport subsequent to ., takes place.

The temporal variability concerning the growing pinhole defect is handled by assuming a constant
defect radius until the time #,,,., when the defect momentarily becomes infinitely large.

4.2.9 Correlations (text reproduced from SR-Site Data report)

This section only supplies single point values. Accordingly there is no need to account for correlations
in subsequent modelling.

4.2.10 Result of supplier’s data qualification (text reproduced from SR-Site
Data report)

The growing pinhole failure
For the growing pinhole failure, the following pessimistic values are suggested:
* gy =1%x107yr

large = 1% 10%yr

*  Faoer = 2 M PIiOT tO £, and unlimited subsequent to 7,

The #4.,, and t,,,. values are justified in Section 4.2.7 of the SR-Site Data report (SKB 2010a).
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Canister failure due to corrosion

For the canister failure due to corrosion, the most pessimistic values are suggested:
tdelay = 0
* g = same as time of failure (penetrated copper shell)

Faeee = unlimited subsequent to failure

Canister failure due to shear load

For the canister failure due to shear load, the following cautious values are suggested:
lay = 1% 10%yr
tiuge = Same as time of failure (penetrated copper shell)

*  Fune = unlimited subsequent to failure

The values are justified in Section 4.2.7 of the SR-Site Data report (SKB 2010a). It should be noted that
in this case the onset of radionuclide transport is governed by the time of failure plus the delay time.

4.2.11 Judgement by the assessment team

Defect radius

Since no new information or data has been obtained, the judgement is to use the same data as in
SR-Site.

Delay time

Since no new information or data has been obtained, the judgement is to use the same data as in
SR-Site.

Time from repository closure to when the defect radius is set to unlimited

Since no new information or data has been obtained, the judgement is to use the same data as in
SR-Site.

4.2.12 Data recommended for use in assessment

The following data are recommended for use in radionuclide transport modelling.

Table 4-7. Data recommended for use in the PSAR.

Canister failure due to taeray (YT) tiarge (YT) I getect (M)
Growing pinhole 1x10° 1x10* 0.002 priori to tge

Unlimited subsequent to f;ge
Corrosion 0 Same as time of failure. Unlimited subsequent to failure.
Shear load 1x102 Same as time of failure. Unlimited subsequent to failure.
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5 Buffer and backfill data

5.1 Density and porosity of buffer and backfill

This section concerns the density and physical porosity of the reference buffer and backfill. In PSAR,
MX-80 bentonite serves as an example of a buffer material while the reference backfill is a lower grade
bentonite, with Asha-2012 as an example. Since SR-Site, the reference design of both the buffer and
backfill has been updated and as a consequence also the initial state for the PSAR as further discussed
in the Post-closure safety report.

For SR-Site, an assessment of the performance of buffer and backfill was reported in Akesson et al.
(2010a). As shown later in this section, the difference between the initial state used in Akesson et al.
(2010a) and the initial state used in the PSAR will have limited impact on the results of that assess-
ment. Akesson et al. (2010a) as well as some other SR-Site assessment calculations that are based on
the density and porosity of buffer and backfill have therefore not been updated for the PSAR.

The Buffer production report presents the technical design requirements, the reference design of

a bentonite buffer, verifying analyses showing that the reference design fulfils the design premises
requirements and the production and control procedures selected to achieve the reference design. The
report also includes an account of the achieved results from test manufacturing and buffer installation.

To guide the design and production of the buffer, technical design requirements on characteristics that
can be inspected and verified in the production are stated (Posiva SKB 2017). The technical design
requirements are based on the assessment of the post-closure evolution of the buffer in the repository

and available technology and shall be fulfilled at initial state.

* The following shall be determined for the selected buffer material:

— the maximum dry density yielding a swelling pressure < 10 MPa when determined with a
specified laboratory test procedure,

— the minimum dry density yielding a swelling pressure > 3 MPa when determined with a speci-
fied laboratory test procedure,

— the minimum dry density yielding a hydraulic conductivity in saturated state < 10> m/s when
determined with a specified laboratory test procedure,

— the maximum dry density yielding an unconfined compressive strength at failure <4 MPa at
a deformation rate of 0.8 %/min when determined with a specified laboratory test procedure,
and for material specimens in contact with waters with less favourable characteristics than site-
specific groundwater, i.e. deionised water and water with a salinity of 1 M CacCl, respectively
to cover uncertainties with a margin.

» The buffer volume shall be cylindrical and determined from its cross sectional area in the deposi-
tion hole and its height, i.e. the sum of its thickness above and below the canister and the distance
between the surface of the canister lid and bottom, minus the canister volume.

e The buffer thickness shall be
— at least 50 cm below the canister
— at least 50 cm above the canister
— at least 30 cm around the canister.

* The installed buffer material mass shall in average in the buffer volume result in
— adry density > the lowest required material-specific dry density determined for the specific
buffer material,
— adry density < the highest allowed dry density determined for the specific buffer material.
— The installed dry density shall be > 1000 kg/m’, to filter colloids.

» Acceptable contents of impurities:
— organic carbon should be less than 1 wt-%,
— sulphide should not exceed 0.5 wt-% of the total mass, corresponding to approximately
1 wt-% of pyrite,
— total sulphur (including the sulphide) should not exceed 1 wt-%.
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Furthermore, the thermal conductivity over the installed buffer shall, given the allowed decay power in
the canister, the thermal properties of the canister and the rock and the canister spacing, yield a buffer
temperature < 100 °C.

The reference design of the buffer is described by a set of design parameters for which nominal
values and acceptable variations are given. The design parameters will be inspected in the production
to confirm that the installed buffer conforms to the reference design and to provide an estimate of the
actual properties of the buffer at the initial state.

The initial state represents the installed buffer blocks and pellets with dry densities given by the
manufacturing process. The parameters in the initial state should produce a saturated buffer that
lies within the required swelling pressure, hydraulic conductivity and compressive strength after
saturation for every cross-section that mechanically can affect the canister in the deposition hole,
neglecting the effects of incomplete homogenization.

When adapting the design of the buffer it is generally the swelling pressure which is the governing

parameter and a design is made aiming at approximately 10 MPa. Blocks and ring are given starting
dry densities which is applied in a simulation of 10000 deposition holes including the tolerances of

the rock excavation (deposition hole), buffer components (blocks, rings and pellets) and the canister
volume (which is set as a constant). The calculations result in an average installed buffer dry density
including standard deviation data. A 95 % confidence is applied and the calculations are iterated until
appropriate block and ring dry densities can be decided. The results are presented in Table 5-1. The
swelling pressure is within the acceptance interval (3—10 MPa) in the ring section around the canister.
The swelling pressure in the block section above the canister will be higher, which is acceptable.

Table 5-1. Results of simulation of variation between deposition holes of average key buffer
properties within a hole. Resulting dry densities with standard deviation and 95 % confidence.
Corresponding maximum (1M CacCl, solutions) and minimum (deionised water) swelling pressures
are given (Table 2-5 in the Buffer, backfill and closure process report).

Without heave Dry density Std dev  Dry density Dry density Swelling pressure Swelling pressure

(kg/m?®) min (kg/m®) max (kg/m®) min, CaCl, max, Deion
(kPa) (kPa)
Average 15471 3.3 1540.5 1553.6 6906 9711
deposition hole
Block section 1584.0 3.7 1576.8 1591.3 9772 12664
Ring section 1509.3 4.0 1501.6 1517.0 4756 7504

In the Buffer production report it is concluded that the methods for producing the buffer will yield
installed average densities that fulfil the specification of the reference design.

The Backfill production report presents the technical design requirements, the reference design,
verifying analyses that the reference design does fulfil the design requirements, the production and
control procedures selected to achieve the reference design, verifying analyses that these procedures
do achieve the reference design and an account of the achieved initial state of the deposition tunnel
backfill.

The installed dry density in the backfill shall be > 1361 kg/m’ on average between two deposition
holes. The average installed backfill dry density will depend on the density and dimensions of the
installed blocks and pellets, i.e. the installed buffer mass and the backfill geometry which is dependent
on the excavated tunnel volumes. The dimensions of the tunnel and the installed mass will be registered
during installation and the average installed dry density calculated to ensure that the properties at initial
state fulfil the reference design.

Based on the initial state values of the design parameters of the backfill and the deposition tunnel
volumes the installed dry density, mass and porosity to be used in the PSAR have been calculated,
the results are presented in Table 5-2. The reference design values are given as comparison.
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During operation some backfill material in already completed and plugged deposition tunnels may be

lost by piping and erosion. Material may also be lost in the future during the assessment period both

during and after saturation of the backfill. Countermeasures related to piping erosion during installation
due to water inflow has been taken in the reference design of the pellets surrounding the block pile, see
the Backfill production report.

Table 5-2. The backfill design parameters at the initial state (Table 2-16 in the Buffer, backfill and
closure process report).

Design parameter Reference design and initial state Acceptable tolerances

Dry density of blocks (Asha 2012) (kg/m®)

— Tunnel section 1725 >1650
Dry density of pellet filling (kg/m?®) 900 > 850
— Bottom bed

— Between blocks and rock wall
— Bevel in deposition hole

Geometry Nominal: Figure 2-8 in the Buffer,

backfill and closure process report
Average dry density in deposition tunnel 1437* — 1488 > 1361
(Asha 2012)*

* Interval is given by variations in the tunnel volume (18 to 30 % overbreak).

The porosity and density are inputs to Sections 5.2 and 5.3, where hydraulic and solute transport
properties of the buffer and backfill are discussed. The physical porosity can be assessed by knowing
the dry or the saturated density of the clay material, and the density of the solid clay particles.

5.1.1 Modelling

This section describes what data are expected from the supplier, and in what modelling activities the
data are to be used. Due to a revision of the requirements (Posiva SKB 2017) the material density
has changed since SR-Site. The average dry density for the buffer in a deposition hole in SR-Site
was 1562 kg/m’® while it is 1550 kg/m® in PSAR. However, since the changes are small and that the
results a